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PREFACE 


The object of the present treatise and of the companion volumes 
which it is intended to publish at an early date is to give a concise, 
up-to-date and self-contained account of the wonderful series of dis¬ 
coveries which make up the present-day Atomic Physics. As is well- 
known, progress in this direction began with Rontgen’s discovery of 
X-rays in 1894. This great discovery supplied mankind not only 
with a new light for looking into opaque matter, but also inspired the 
Physicists with the novel, nay then almost the revolutionary, idea that 
beyond the knowledge of physical phenomena accumulated up to 1894, 
there were other vast tields as yet unexplored. Part of the new 
ground has since been broken by the active participation of the most 
acute scientific brains of the contemporary world. Our intention has 
not been merely to chronicle these discoveries, but rather to present 
the new knowledge as a consistent story and a logical system of 
thought. In imposing upon ourselves this task, we have not been 
unmindful of the great difficulties before us. For the discoveries 
which make up the new knowledge have often followed without any 
logical order or sequence, and the developments of underlying thought 
which are intended to bring order into the system have undergone 
violent and abrupt changes within short intervals of time. And as 
very often happens in the first days of exploration, those who have 
actively participated in these activities, as well as those who have 
merely kept an intelligent watch on the progress of events, have been 
qually puzzled by the vicissitude of ideas leading to speculation as 
veil as to work. 

It will be acknowledged that it is no easy matter to present an 
ecount of the new knowledge when the issues in many cases are still 
uncertain. The treatment given in the following pages is the result 
of twelve years’ experience of the senior author in lecturing to the 
B.vSc. (Hons.), and M.Sc. students in Physics of the Allahabad 
University, and earlier at the Calcutta University. The subject-matter 
js arranged to cover a course for two years, the easier and 
more descriptive portions being reserved for the first year. It is need¬ 
less to add that the teaching programme has te undergo substantial 
changes almost every year, but the underlying skeleton of this book 
has remained unchanged, at least for some time. The plan of 
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teaching as outlined in these pages has been f 1 to be quite 
successful with the students with whom the senior author had 
come into contact and he hopes that others also will find his scheme 
workable. We have attempted to make the book as much self- 
contained as possible without making it too bulky or technical. 

It was at first intended to include chapters or Molecular Physics, 
Interaction between Matter and Light, Waveinc ,W 1 Nuclear 

Physics, but as the book had already become bulk.,, was decided to 
incorporate these chapters in a second volume. Most of these chapters 
are almost ready. Messrs. D. 8. Kothari of the University of Delhi 
and Ram Nivas Rai of the Allahabad University are engaged in 
writing a volume ou mathematical physics which, it is hoped, will 
serve as a more elaborate mathematical supplement to the two 
volumes. 

We feel it our pleasant duty to express our indebtedness to such 
treatises as Somm erf eld’s classical work Atombau and Spekfral- 
linien ; Pauling and Goudsmit’s Structure, of Line Spectra whose 
treatment we have closely followed in many places; to the articles 
by Grotrian and Laporte on Spectroscopy in the Ilandbuch dvr 
Astrcrphysik ; also to various volumes of the Hand buck (ter Physik 
and Ilandbuch der Experimental physik for several important 
articles ; to Siegbahn’s Spektroskopic der /ton tgensh ah ten , 1931; 
and to Rutherford, Chadwick and Ellis’s Radiations from Radioac- 
tire Substances , 1930. 


The Physical Laboratory, 
Allahabad University. 
October, 1934. 
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CHAPTER I 


PHENOMENON OF IONISATION OF GASES 


1. Electrical Conductivity of Gases. —A gas in its normal 
state is one of the best insulators of electricity. But it has been 
known for a long time that under certain circumstances gases may 
acquire considerable amount of electrical conductivity, for example, 
when it is illuminated by ultra-violet light, or when it is in the neigh¬ 
bourhood of a heated body. To the early workers there appeared 
some doubt whether this phenomenon might not be due to leakage 
through stands of the vessel which enclosed the gas. 

Thus Elster and Geitel* showed in 1899 that absolutely dry air 
possessed certain amount of electrical conductivity. Their apparatus 
is shown in Fig. 1. The apparatus is essentially an electroscope with 
aluminium leaves L, standing on an 
ebonite support B. This is enclosed 
within a glass flask containing perfectly 
dry air. Z is the metallic part which 
carries the leaves, and Y is the metallic 
mantle completely surrounding Z. 

Z was charged to a potential of 
about 200 volts. The leaves then di¬ 
verged due to the repulsion of the 
electrical charges on them. On stand¬ 
ing for some time a slow rate of fall of < 
the leaves was noticeable. The fall is 
due to loss of charges from the leaves, 
and this again must be ascribed to conduction across the air sur¬ 
rounding the electroscope, and perhaps partly to the leakage through 
the ebonite support. The experiment was not very conclusive, as 
it failed to distinguish between actual conductivity of the enclosed 
air and the leakage through the insulating parts. 



riy. i 

Klstop and Uelti*!’# »‘li*ctro«copc. 


* J. Elster and H. Geitel, Pla/s. Zeits., 1, 11, 1899, 
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This point was made clear by later works. Extended investi¬ 
gations by Geitol,* C. T. R. Wilson f and others showed that real 
electrical conductivity could be imparted to an otherwise noncon¬ 
ducting gas by various agencies. A typical experiment (Fig. 2) 
performed by C. T. R. Wilson which is described below will probably 

A .... is a spherical vessel, the 
inside being coated with 
silver. 

C ... An ebonite plug closing its 
mouth. 

S ... A block of sulphur. 

R ... A brass rod carrying a pair 
of gold leaves. 

K ... A brass rod passing 
through the ebonite C, 
and carrying S at one 
end. It is connected to 
the positive terminal of 
the battery B. The nega¬ 
tive terminal is attached 
to the vessel. 

W ... A wire which can be mani¬ 
pulated by means of a 
magnet from the outside, so as to make it touch R at will. 

A constant difference of potential is always maintained between 
K and the silver face of the vessel by means of the battery B. The 
gold leaf system is charged to the same potential as E by bringing 
in contact with it the iron wire W by means of a magnet. On break¬ 
ing the contact the leaves become insulated, and they diverge under 
mutual repulsion of electrical charges on the leaves. 

Since the gold leaf system has a small electrical capacity, a 
small change of the electrical charge on it is likely to produce a 
considerable change in its potential, and hence in the divergence 
of t^e leaves. Under normal conditions of the enclosed gas, the 
leaves are found to collapse very slowly when observed under the 
microscope. But on passing ultra-violet light through the gas the 
leaves were found to collapse rather rapidly. 

* H. Geifcel, Phys. Zeits ., 2, 116, 1900. 

+ C. T. R. Wilson, Proa. Cqmb. Phil. Soc 11, H2, 1900; Proc. Roy. 
$ oc n 68,151 ? 1901, 


make the matter clear. 



C. T. R. Wilson’s apparatus for 
((‘sting the conductivity of air. 
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The interpretation of the above observations is simple. It is 
apparent that any conduction across the sulphur plug will tend to 
restore the potential of the leaves, and maintain, their divergence 
steady. Since the leaves are otherwise in a perfect state of insula¬ 
tion, leakage of charge must have occurred across the enclosed gas. 
In fact, both Geitel and Wilson found that the normal leakage 
varied as the volume of the vessel, amounting to 10* 8 V units per 
sec., at atmospheric pressure, where V denotes the volume. Since 
the rate of leakage is normally extremely slow, the gas must be 
regarded as an almost perfect insulator under normal conditions ; but 
when exposed to the action of ultra-violet light and certain other 
agencies to be mentioned presently the gas acquires considerable 
conductivity, and the charge on the gold leaves gets neutralised and 
they rapidly collapse. If the external agent bo withdrawn, it is seen 
that the conductivity diminishes, until finally it reaches normal value. 

2. The Ionisation Hypothesis. --To account for this acquired 
conductivity, it was postulated by J. J. Thomson 1 and others, 
that air when subjected to these agencies (ultra-violet light, X-rays, 

etc.) becomes ionised, that is, particles containing negative and 

positive charges arc produced throughout the volume of the gas, so 
that when it is placed between two electrodes connected to negative 
and positive terminals of a source 1 of E.M.R the positive carriers 
are attracted to the negative electrode and the negative carriers 
to the positive, thus gradually neutralising the charges on the leaves. 
The acquired conductivity of the gas is due to the movement of the 
carriers. These carriers of electricity are called ions, and the 
phenomenon is known as ionisation . The agency which is respon¬ 
sible for the ionisation of the gas is known as the ionising agent . 
On removing the ionising agent, tin* fresh supply of ions is cut off, and 
those already present gradually lose 1 themselves by mutual collisions. 

3. The Various Ionising Agents. —Besides ultra-violet light 
and heated bodies many other ionising agents have been discovered 
since 1895. Such are, for example. X-rays radiations from radio¬ 
active bodies (a, a, y rays), flames, chemical action, etc. The stuSy of 
ionisation due to radiations, from radio-active bodies is illustrated in 
the following experiment. The apparatus used is shown in Fig. 3 and 
described below. 

A and B are two parallel plates kept within a closed chamber from 
which they are insulated by means of sulphur plugs a, $. Sulphur plugs 
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are used because sulphur is found to bo a very good- insulator.* The gas 
of which the ionisation is to be investigated is enclosed in the chamber. 

The measuring ins¬ 
trument may be a 
quad ran t electrometer, 
or electroscope, or some 
other equivalent appa¬ 
ratus. For the present 
we take it to be a 
quadrant electrometer 
Q. One pair of quad¬ 
rants is connected to 
A, and the other pair 
of quadrants is earthed. 

A difference of po¬ 
tential is, therefore, 
maintained between A ami B which can be easily measured by means 
of a potentiometer. The body of the closed chamber is earthed so as to 
shield A and B against the action of any stray electrostatic field. 

The ionising agent may be placed either on the plate B, as in the case 
of substances like Thorium or Uranium, or it may be put outside and the 
radiation allowed to pass through the window W. 

The gas particles are broken up into positive and negative ions 
by the action of the ionising agent, and the ions of appropriate sign 
are attracted to the electrode A, which instantly slum's its charge* with 
the electrometer. A. difference of potential is thus established between 
the two pairs of quadrants of the electrometer which consequently 
causes a deflection of the needle. As more and more charges accu¬ 
mulate on the plate A, the difference of potential, and hence the 
deflection of the electrometer needle gradually increases. The move¬ 
ment of the ions between the two plates is equivalent to a current 
flowing between them. This is known as the ionisation current. 
The rate of change of deflection of the electrometer is a measure of 


* A comparison of the insulating power of a number of substances 
is given in the following table. 

Paraffin ... 500 Mica ... 90 Rubber ...200 Quartzglass ... 5000 
Sulphur ... 1000 Glass ... 66 Porcelain ... 3 Wood (Mahogany) 0*4 
For comparison the insulating powers of a few good conductors are 
given below: 

Bismuth ... 10’ 10 Manganin ... 3*8x10* 10 

Ironsulphide ... 1*12x10*^ Copper ... TaxlO* 20 

The values are in units of 10 14 ohm- 1 . 
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the current, and of the intensity of ionisation. The details of measurc- 
ment of the ionisation current are given in §4. 

The closed chamber described above, in which the phenomenon 
of ionisation takes place is known as the ionisation chamber. 
Under .different forms the ionisation chamber is very frequently 
used in radio-metric measurements. 

The ionisation due to other agents may also be studied by experi¬ 
ments similar to those described above. Such studies have made 
it clear that though ionisation is produced by all the different agents 
mentioned above, there is a considerable difference regarding their 
mode of action. While the ionisation produced by X-rays and ultra¬ 
violet radiations are found to be uniform throughout the volume of 
the ionisation chamber, that due to radioactive* radiations are unsym- 
metrical, being strongest near the plate containing the active substance, 
and it gradually diminishes at greater distances from the plate. This 
interesting result, as we shall see later, has led to closer investigations 
on the passage of radioactive radiations through gases. 

4. Use of Electrometer and Electroscopes for the 
Measurement of Ionisation Currents. —The amount of current to 
be measured in such experiments is extremely small and may be of the 
order of 10"to 10“ 15 amperes. If very strong ionising agents are 
available, a sensitive galvanometer may be used. But for currents of 
the order of 10“ ,; * to 10 _i:> amperes the quadrant electrometer and 
electroscopes are found to be the only apparatus which can be used. 

We shall now explain how the ionisation current can be quan¬ 
titatively estimated from the rate of deflection of the needle 4 as 
described in The adjustments and calibrations necessary for 

this purpose are as follows. 

(1) The constancy of zero reading.— Initially, the needle of the 
electrometer must be symmetrically situated between the two pairs of 
quardants. To ensure this, both the pairs of quadrants, as well as the 
needle, are earthed. Then the needle is insulated, and a charge given 
to it by connecting it to a source of high potential, ll the conditions are 
satisfactory, the needle remains unde fleeted. Otherwise, this condition is 
attained by levelling the base of the instrument, and adjusting the torsion 
of the suspending fibre. This being done, the needle will return to the 
same zero reading always after deflection, and equal and opposite charges 
to the quadrant will produce eqpal deflections on either side of zero. 

(2) Calibration of the deflection for voltage .—For calibrating the 
instrument, the plate A (Fig. 3) and one pair of quadrants are raised to 
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definite voltages which can be measured by a potentiometer, and the 
deflections are plotted against the potential. According to the elementary 
theory of the quadrant electrometer, with a high potential on the needle, 
the deflection of the instrument should be directly proportional to the 
difference of potential applied between the two pairs of quadrants. This 
can be seen from the expression 2 

0 - A' (r, - v 2 ) [ r- ^j--).(1) 

where V\ — V 2 is the difference of potential between the two pairs of 
quadrants, Fis the potential of the needle, K the constant of the instrument 
and 0 the deflection. When Fis very high compared to potential of the 


quadrants, 

0 - A'(n-r 2 )V .( 2 ) 

0 o; l r i — v 2 , when F — constant; 

* ll *d 0 V , when Fj — F 2 - constant. 


In practice these results are fount! to he only approximately true. An 
actual calibration curve being plotted, the potential for any deflection may 
he immediately obtained from it. 

lhe potential to which the electrometer needle is to he charged also 
requires careful selection. Though according to simple theory (eqn. 2) 
the deflection for a constant potential of the quadrants should be propor¬ 
tional to the voltage of the needle, in reality this is far from being true, 
lhe movement of the needle between the charged quadrants causes a 
variation in the electrostatic field acting between the needle and the 
quadrants. This is due to the distorsion of the lines of force between 
the two systems on account of motion of the needle. This gives rise 
to an additional couple depending upon the potential of the needle 
and other minor factors. The couple may be either in the direction 
or in opposition to the restoring couple due to the torsion of the 

fibre. The actual nature of the 
variations of the deflection with the 
potential of the needle is shown in 
Fig. 4, in which tha curve ah corres¬ 
ponds to the case of the additional 
couple aiding the torsional couple, and 
the curve c represents the opposite 
case. The mathematical theory 3 of 
Potential of the needle the correction is given in Makower 



Fig. 4 

Sensitivene*a of Quadrant electrometer. 


and Geiger’s u Practical Measurements 
in Radioactivity , ” Chapter 1. 


In the measurement of currents, in addition to the distorsiotial couple, 


a new couple caused by the reaction of the charges set up on the quadrants 
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by the motion of the charged needle arises. This is called the inductional 
couple and its action is analogous to the damping effect of a loop of wire 
on the moving coil of a galvanometer. To avoid this it is advisable to keep 
the needle potential fixed throughout, and to use the same part of the 
scale. 

(3) Capacity of the electro meter. — It will be seen just now that in 
order to measure currents with quadrant electrometers, absolute determi¬ 
nation of its capacity is necessary. For this purpose, the needle is 
connected to a source of high voltage, and the two pairs of quadrants are 
connected to the two terminals of a cell of e.m.f, E\ An amount of charge 
q i flowing from the battery collects on the quadrants. Due to this the 
deflection of the needle rises steadily from o to 0 within a time i\ which 
is noted. Now a standard condenser having the capacity C () is connected in 

parallel to the two pairs of quadrants. Using the same cell, now a longer 
time / 2 ,s required for getting the same deflection 0. Let a charge collect 
on the quadrants in this case. If C be the capacity of the electrometer, 

71 “ ' :/ i r rK 
q 2 — ^ (C+G 0 )E 

where i denotes the corresponding current. We thus get 

C ^ ^ 1 
1 2 f I 

which gives the capacity. 


After these adjustments connections arc made to the ionisation 
chamber as stated in §3. The needle will at once show a deflection, 
which will remain steady if no ionising agent be present, or if there 
is no leakage. But usually, there is always a small leakage present. 
This should be observed first and allowed for in subsequent readings. 
Then the chamber is exposed to the action of the ionising agent. The 
deflection will now change more rapidly depending upon the strength 
of the ionising agent. This is due to the fact that a current passes to 
the insulated plate, and begins to charge this and the pair of quadrants 
connected to it. 

If C—capacity of the electrometer plus the plate connected to 
it, =* Fthc potential acquired by it at any instant t due to a charge Q 
imparted by the ions, the ionisation current 


dQ ^ r dV^ 
dt dt t 


. . .(3) 


yyhere V x *= potential at the beginning, and U* = potential at the 
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end of t seconds. If V he measured in volts, 0 in centimeters (r. ,s*. 
units of capacity), and t in seconds, 



1 ' f (n-r # ) 

300 t 


electrostatic units 


JO 

300 X 3X 10 10 


r (r,- r 2 ) 


ani])eres 


— 1*11 X 10“ ,J ------—-■amperes .(4) 

In modern typers of electrometers (I)olezalek, Wulf, Lindcmann 
and Compton type's) the capacity is e'xtre'ine'ly small, of the order of 
10 cms. So the' sensitiveness is ve»ry great. Thus a Dolezalck electro- 
meter gives a deflection of about 1000 divisions ])e'r volt, at the 
rate of one division in 10 seconds. 

An arrangement of apparatus for the' use of electroscope* in 
ionisation experiments is shown below in Kig. 5. 

Z =* Rod for charging the gold leaver. 

Pi =■ Upper plate? of the ionisation chamher, 
which is in metallic contact with the? 
gold leaves. 

P 2 — Lower plate, on which the active sub¬ 
stance is spread. It is connected to the 
positive pole of a battery, the negative 
of which together with the body of the 
ionisation chamber is earthed. 

Thus a difference of potential is maintained 
between Pi and P 2 > and as the ionisation current 
flows between thbm, the leaves of the electroscope 
receive additional charges, under which they 
Fig. 5 continually diverge. The rate of movement of 

Arrangement for using the the leaves can be read on a scale behind them 

Meet! om ope. through a suitable window by means of a tele- 

microscope. As in electrometers, the natural leakage of the instrument 
musL be allowed for, and a calibration curve may be used. 



The above arrangement is known as the “ Tonometer The 
change in potential occurring in a given interval of time can be 
known from the change in deflection of the leaves during the interval. 

The sensitiveness of the electroscopes is also very great. Thus 
in most cases they give a deflection of about 200 divisions per volt, at 
the rate of one division in 10 seconds. In an actual experiment, a 
brass electroscope of volume one litre showed a fall of potential of 0 
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volts in one hour. Its capacity was one centimeter. So the ionisation 
current according to eqn. (4) was 

. ^ 1'11X10~ 12 X6 
* .3(300 

= 1‘9X10~ 15 amperes. 

This is the order of the current measurable by an electroscope 
or an electrometer. The electroscope inis a smaller capacity than an 
electrometer; the former is therefore more current sensitive than the 
latter. But the voltage sensitiveness of the two instruments is in the 
reverse order. 

5. Other Types of Electrometers and Electroscopes.— 

Many special forms of electrometers and electroscopes have been 
devised by various workers for special purposes. We shall give 
a brief account of the most important of them. 

Electroscopes: (1) The Tilted Elec¬ 
troscope.—A particularly sensitive elec¬ 
troscope was devised by C. T. R. Wilson* 
for measuring ionisation currents which 
are so feeble that they do not admit of 
accurate measurement by electrometers. 

This is known as Wilson’s 4 tilted” 
electroscope, and is shown in Fig. 6. A 
single foil of a thin gold leaf L is 
attached to a conducting rod R. The 
whole is mounted inside a brass chamber Vig . «. T >,o rated Wee.ro.eope. 

through sulphur insulation. An insulat¬ 
ed plate P is placed close to the opposite wall of the chamber and charged 
to a constant potential (generally 200 volts). The entire chamber is kept 
in an inclined position relative to the base, and the angle of inclination 
is adjustable. For a given potential of the plate and a certain critical 
inclination of the chamber the gold leaf is particularly unstable. A little 
below this point the instrument has the maximum sensitiveness. In a 
particular experiment with a potential of 207 volts on the plate, the critical 
tilt was found to be 30°. 

After adjusting the tilt of the instrument the gold leaf is earthed 
and a microscope provided with a scale in the eye-piece is focussed on 
the leaf so that it rests on the zero position of the scale. The leaf is then 



♦ C. T. R. Wilson, Proc, Comb. Phil Soc. y 12, 135, 1903, 
F* ? 
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insulated, the source of potential to be measured is connected to R and the 
movement of the leaf is noted. 

(2) Wulfs Electroscope,—A modified form of electroscope shown in 
Fig. 7 has been used by \Vulf* in his investigations on atmospheric 
ionisation. In this (see Fig. 7) the gold leaves are replaced by a double 
quartz fibre LLi coated with silver to make it conducting. The quartz 
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Fi*. 7. Wulf’s Electroscope. 


Fiar. 8. Dolozalek Electrometer. 


fibre is fixed on an insulating support S and its lower ends are stretched 
together by a quartz bow B. The source of potential (one plate of the 
ionisation chamber) is brought in contact with the fibres. This causes a 
movement of the fibres that can be observed under a microscope. This 
arrangement is specially suitable for measuring ionisation current at 
sea, as the movement of the fibres remains unaffectedf by the motion 
of the ship. 

Other forms of sensitive electroscopes have been designed for the 
measurement of ionisation current due to radioactive radiations. These 
are known as a» £ and 7 -ray and emanation electroscopes, and they will be 
described later in the chapter on Radioactivity. 


♦ Wulf, Pkys. Zeits., 8, 246, 537, 780, 1907; 9, 1090, 1910. 
f Simpson and Wright, Proc . Roy . Soe. A, 85 , 175, 1911 T 
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Electrometers.—' The electroscopes described above, though very sensitive 
are limited in their range of application. In this respect the electrometers 
are very useful, as they can be used for a large range of currents. Like 
electroscopes the electrometers have also received various modifications 
in the hands of different workers. The important among these are 

(1) The Dolezalek Electrometer .—The sensitive form of quadrant 
electrometer commonly used in ionisation measurements is that devised by 
Dolezalek.* The instrument is shown in Fig. 8. In this the needle is made 
of silvered paper and is consequently very light. It is suspended by a fine 
quartz fibre, and lies fairly close to the quadrants. Generally the sensitive¬ 
ness of a quadrant electrometer increases to a maximum for a critical 
potential of the needle, and then it decreases with further rise of potential (see 
curve, Fig. 4). In order to take advantage of this condition the needle is 
charged to the critical potential. On account of lightness of the needle and 
its closeness to the quadrants, it acts as its own damper. The sensitiveness 
attained is very high, m., the order of several thousand divisions per volt. 

(2) Compton Electrometer.—A, H. Comptonf has designed an electro¬ 
meter (Fig. ( J) which is essentially a Dolezalek electrometer of which the 
needle NN is slightly tilted along its axis, and 
one pair of quadrants Q, is a little below or above 
the plane of the other. These modifications have 
been found to greatly enhance the sensitiveness 
of the instrument which amounts to as much as 
15,000 mm. per volt. The tilt and the elevations 
introduced are so slight that these do not materi¬ 
ally affect the uniformity of scale deflection, or 
rapidity of taking readings. On account of in¬ 
creased sensitiveness, the instrument is, how¬ 
ever, rather difficult to handle, except in the 

hands of experienced workers. „ 

47 The Compton Electrometer. 

(3) The Lindemann Electrometer. — The Limlemann Electrometer t is, 
perhaps, the most convenient form of electrometer with a sensitivity 
in no way inferior to the Dolezalek type of instrument and yet requiring 
practically no adjustments which are often so cumbersome with the 
latter. Besides being sensitive and handy, it has the fimhe»- advantage of 
possessing a very small capacity (usually about one or two centimeters) 
and a very low period, so that it is very sensitive not only to very low 
potentials but also to very minute currents, and may be used in cases 

* F. Dolezalek, Verh. d, D. Phys. ties., 3, 18, 1901. Ztsehr. f. Insti\ 
21,345,1901. 

+ A. H. Compton, Phys . Rev., 14 , 58, 1919. 
t Lindemann, Phil. Mag. f 47 , 577,1924. 
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where rapidly varying potentials or currents are to be detected. Further, ] 
the Lindemann Electrometer gives readings which are practically quite 
independent of tilt, neither the sensitivity nor the position of zero being 
appreciably affected by this process. 

The principle of the instrument is more or less the same as that of 
the quadrant electrometer. It consists of four cross-connected plates 


Ret* 


Fig. 10. The Lindemann Electrometer. 


(Fig. 10) A, A and B, B 
with planes perpendicular 
L N to the plane of the paper; 
the needle NN, which has 
the shape of a very thin 
cylindrical pointer, is 
suspended at its centre 0 on a torsion fibre in such a way that it can 
rotate between the plates, that is to say, the torsion fibre is placed per¬ 
pendicular to the needle and parallel to the plane of the plates and 
therefore perpendicular to the plane of the paper. It is fixed at both 
ends on the tips of a rigid U-shaped frame (not shown in the 
diagram). The whole thing is enclosed inside a small cylindrical brass 
box provided with two holes on the plane faces covered with micro¬ 
scope cover-slides through which to observe the deflections of the needle. 
This box may be mounted on a vertical stand with its plane faces vertical, 
and the motions of the end-point of the needle may conveniently be 
observed with a suitable microscope also attached to the stand. It is, there¬ 
fore, evident that since no mirror is attached to the needle and it is itself 
very light, the moment of inertia of the moving parts is extremely small. 
Hence, in order to increase the sensitivity of the instrument we may use 
a very small torsional couple without any danger of allowing the period 
to become large, which, in these instruments, is of the order of a few 
hundredths of a second. ' 


Use .—The mode of using the electrometer is illustrated in the adjoin¬ 



ing diagram (Fig. 11). Potential to the plates A, B is applied by means of 
a battery E through very high safety resistances R, R (about one megohm). 
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With the help of the commutator K|, we may charge the plates or earth 
them as we please. Similarly, the needle may be either earthed or connected 
to a given source of potential by means of the key K 2 . The rheostat B/ 
serves to make slight adjustments in the value of the potential of one pair 
of quadrants B B. It is important to note in this connection that under ideal 
conditions the needle, if earthed, should not deflect, if the plate A is as much 
above as B is below the potential of the needle. But owing to some such 
cause as imperfect symmetry of the needle with respect to the plates the 
relative potentials of the latter with respeofc to the needle will have to be 
adjusted by changing the potential of the middle point of the battery, 
in order to bring the needle back to the zero position. When this is 
done the instrument is ready for use. The sensitivity of the electrometer may 
be varied within wide limits by changing the value of the field. Of course, 
the observed deflections will depend on the magnifying power of the 


microscope, but it is claimed that potentials as low as 
may be detected. 


1 

4,500 


-th of a volt 


(4) The Slrmtf Electrometer .—The electroscopes 
described so long are not suitable for measuring 
rapidly varying ionisation currents, for, the slow 
movement of the needle cannot keep pace with the 
high frequency of alternation of the currents. A 
single fibre electrometer has been devised by Laby,* 
Elster and Geitelf and otherst for this purpose. 
The principle of this instrument is shown in Fig. 12. 
A single platinized quartz fibre L is suspended 
centrally between two parallel metal knife-edges K,K 
which are charged to equal and opposite potentials 
(about 200 volts). On giving a rapidly varying charge 
to the fibre it vibrates with some frequency due to the 
attraction and repulsion of the knife edges. The move¬ 
ment can be reproduced on a revolving photographic 
plate. This electrometer is specially useful for studying 
the rapidly discontinuous ionisation due to the emission 
of ct an dp rays from radio-active bodies. 


and electrometers 



Fig. 12 

The String Electrometer. 


A comparison of different types of electrometers and 
electroscopes described above has been shown in the following 
table 1. 


* Laby, Proc. (Jamb. Phil. Soc., 15, 106, 1909. 
•f Elster and Geitel, Phys. Zeit., 10, 664, 1909. 
t Lutz, Phys. Zeit, 9, 100, 1908. 
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Comparison op the Sensitiveness op Different Types 
op Measuring Instruments. 


Instrument 

1 Scale Division 
= Volts 

Method of 
Observation 

Capacity 

Wilson’s tilted elec¬ 
troscope. 

5.10-3 . . 

Micrometer mic¬ 
roscope 

A few cms. 

Els ter and Geifcel 
electroscope 

3.10” 3 ... 

Microscope ... 

2 cm. 

Wulf electroscope ... 

1.1 

Microscope with 
scale. 

3 —4 cm. 

Dolezalek electrome¬ 
ter. 

i.ur'* to l.itr 4 

Telescope with 
scale. 

50 cm. 

String electrometer ... 

t 

I 

Microscope ... 

4—10 crn. 

Compton electrometer 

6 .10' 1 ... 

1 

Telescope 


Lindemann electro¬ 
meter. 

4.10' 4 ... 

Microscope ... 

1-2 cm. 


6. Nature of Ionisation : Variation of Ionisation-Current 
with Voltage. 

We shall now return to a closer study of the phenomenon of ionis¬ 
ation of gases treated 
in § 3. It has been ex¬ 
plained there that in 
order to observe the 
current due to ionisation, 
it is necessary to apply 
a steady potential differ¬ 
ence between the plates 
of the ionisation cham¬ 
ber. The magnitude of 
the ionisation current 
is found to vary in a 
characteristic manner 

VtrUllon of lonlMtlon current with potentl.l. with the Variation of the 

applied potential. This is illustrated by the curve in Fig. 13, in 
which the ordinate represents the ionisation current and the abscissa 
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the applied voltage. It is found that at first the current increases 
almost linearly with the voltage, then the rate of increase slows 
down and ultimately a steady value is reached, after which the current 
does not further increase with increase of the potential difference. 
At this stage the current is said to be saturated. This effect is 
illustrated by the horizontal part of the curve in Fig. 13. 

The phenomenon receives a simple explanation on the ionisation 
theory. The action of the ionising agent is to break the gas particles 
into negative and positive ions throughout the volume of the ionisation 
chamber, and thus to produce ions at a definite rate. But the ions 
are constantly moving about within the chamber and are frequently 
colliding with one another during their motion. As a result, some of 
the positive and negative ions are recombining into neutral gas 
particles. So before the application of the electric field the number 
of ions produced per unit volume gradually increases, but finally an 
equilibrium is attained when the number of fresh ions produced per 
second is exactly equal to the number lost by recombination. When 
the electric field is applied, the positive ions begin to move towards 
the negative plate, and the negative ions to the positive. If the 
applied voltage is very small, the ions would take a considerable 
time to reach the plates, during which most of them will be lost 
by recombination. So the ionisation current will be very small. 
On increasing the difference of potential the ions will gain in speed, 
the recombination will be less, and consequently the ionisation 
current will increase. This process will go on until the applied 
potential is so large that as soon as the ions are formed, all of them 
are immediately removed to the plates and there is scarcely any 
time for recombination. Further increase of potential cannot increase 
the current any further. This corresponds to the constant saturation 
current. 

Besides the rate of recombination, and the velocity of the ions, the 
saturation potential depends also upon a number of other conditions. 
Thus the saturation voltage increases with the increase in the distance 
between the plates, and for a given distance between the piates, it increases 
with the intensity of ionisation, and for a given intensity of ionisation it 
diminishes rapidly with the lowering of the gas pressure between the plates. 
The fall in the value of the saturation voltage with fall of pressure is due 
to two causes. Firstly, the lowering of pressure decreases the ionisation; 
and secondly, the velocity of the ions increases which diminishes the rate 
of recombination. Both these factors cause the saturation to take place 
at a lesser voltage. 
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Townsend* and von Schwcidlcrf have shown that at very loir 
pressure the nature of the variation of ionisation with potential is 
very different from that at ordinary pressure (e.r/., one atmosphere). 
The curve in Fig. 14 represents the nature of the variation of current 
for air at a pressure of 2 mm. due to ionisation by X-rays. It is observ¬ 
ed that within a certain 

r / 

/ limiting voltage the 

/ phenomenon is similar 

£ / to ordinary ionisation 

£ / at one atmosphere pres- 

* J sure. This is exhibited 

^ / by the part OAB of 

o / the curve. But as the 

jc f voltage increases be- 

2 A B yond this critical value 

J ' (corres])onding to B) 

X i J the ionisation current 

/ J J increases, at first slow- 

X - 1 - - - Iv, but very soon very 

0 ELECTRIC FIELD . .. - 

Fig. 14. The complete ionisation curve. rapidly, UHtll tilC Clir- 

rent is so great that a spark passes between the two electrodes. The 
minimum potential at which the spark passes is known as the Sparl ing 
Potential. To explain this phenomenon Townsend assumes that if at 
a very low pressure the applied potential exceeds a certain limit, the 
ions begin to move so fast that they ionise by their impact the air 
molecules which they encounter in their way. This phenomenon is 
called the ionisation by collisions. At first only the negative ions take 
part in the process on account of their greater efficiency in this respect. 
The fresh ions cause a slow increase in the ionisation current. But if 
the potential is still further increased the positive ions also take part in 
the process and the ionisation current increases very rapidly. This is 
shown by the part BC of the curve. Finally, the conductivity of the gas 
becomes so great that electric charges actually jump from one elec¬ 
trode to another, just as they pass through a conductor. Mere the 
sparking commences. 

It has been found that sparking potential is directly proportional 
to the pressure of the gas. Thus for air at atmospheric pressure it is 
about 30,000 volts per cm.; while at a pressure of 1 mm. it may be as 


* Townsend, Phil. Mag., 1 , 79, 1901 ; 3, 557, 1902. 
f Von Schweidler, Wien Bericht. y 108, 273, 1899. 
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small as 40 volts per centimetre. The exact law of the variation of 
sparking potential with pressure has been given by Paschen,' who, 
as the result of a large number of observations, concluded that the 
sparking potential is a function only of the product of the distance 
between the electrodes (the sparking distance) and the pressure of the 
gas, or, in other words, of the mass of the gas in unit area between 
the electrodes. This is known as Paschen’s law . 


7. On the Physical Nature of tf\e Ions* —So long we have 
been talking of the ‘ ions’ in a rather loose fashion. We have not 
definitely stated whether they are molecules, or clusters of molecules, 
or something smaller than molecules. The early investigators started 
with similar vague ideas, which became clearer as detailed investi¬ 
gations were carried out on the motion, diffusion, and the charges 
carried by the ions. So we shall begin with a brief account of these 
early investigations and then see what light they throw on the physical 
nature of the ions. 

Mobility of Ions .—When the space in which ions are formed is 
subjected to a uniform ean.f. the ions are subjected to a force eX, where 
X is the field strength. The equation of motion would be 


m 


d 2 x 

(It* 


+ c 


dx 

dt 


= eX 


dt 

where c~j is a frictional term, which opposes motion. If this be rather 

small, and can be neglected, the motion becomes accelerated. If, 

on the other hand, c~ is large, we can neglect m and the motion 

becomes uniform. Actual observations showed that the motion of the 
ions is uniform and proportional to the applied field. Thus the second 
assumption is correct. In this case, the final velocity 


TT _ dx _ eX 
V ~ dt e 


kX 


(5) 


is found to be proportional to the field-strength ; and to the velocity 
observed when X- 1, the term ‘ mobility ’ is applied. Thus in equa¬ 
tion (5) k stands for mobility of the ions. The reason for this kind of 
motion is that the ‘ ions ’ arc large clusters of molecules, and, as they 
move through the gas, their motion is impeded by large forces of 

* Paschen, WieJ. Ann., 37, 79, 1889. 
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viscosity. The mobility can be experimentally determined in various 
ways, of which two are described below:— 

(i) Rutherford's Method . Rutherford* determined the interval required 
for the ions moving under a known electric field to travel a given distance 
directly by the following arrangement (Fig. 15). 



rig. I.',. Itutlicrford’ts arrangement for the determination of mobility of ions. 


A, B is a pair of parallel metal plates enclosing the gas under investi¬ 
gation. 

E is a battery whose positive terminal is connected to B, and the nega¬ 
tive terminal is earthed. 

K is a make and break key, which may be of the form of a moving 
pendulum, that closes the circuit between the plate A ami a 
quadrant electrometer Q at one point of its path of oscillation. 

T is an X-ray tube. It generates X-rays at a known regular interval, 
on account of the making and breaking of the secondary circuit 
of a transformer which feeds the tube by a similar pendulum 
arrangement. 

C is a thick screen of lead, so placed between the plates and the X-ray 
tube that the gas in one-half of the space only between the plates 
can be exposed to the action of X-rays. 

Thus X-rays are being produced intermittently, and the electrometer 
circuit is also being closed and opened at regular intervals. The time 
elapsing between the two processes: (1) the switching-on of the X-ray tube 


* E. Rutherford, Phil. Mag (5) 44 , 429, 1897. 
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circuit, and (2) closing of the electrometer circuit, can be adjusted. But in 
order that the electrometer may give any deflection the time interval between 
the two processes must be at least equal to that required for the ions to travel 
from the dotted plane to the plates. In actual experiment the time interval is 
gradually increased. If / - tin* critical time interval, 2d = distance between 
the plates, and V = the applied potential, the mobility of the ions is given by 


k, 


(/ JL JL 
~ 7 : 2d 

2d* / n 

= yr cm./volt per cm. 


In one of Rutherford's experiment, £ = 0‘36 sec., F=220 volts, 
d = 8 cm. These give k — 1*6 cm. per sec, 

( it) Lanyevin’s Method .—Rutherford's method has now been replaced 
by a more accurate method due to Langevin* (1903). 
method may be understood from Fig. 16. 

A, B is a pair of parallel plates as in Ruther¬ 
ford's experiment. 

T is a X-ray tube. A single instantaneous flash 
of X-rays from T ionises the air between 
the plates. 

A potential difference is maintained between A 
and B. At some convenient interval after exciting the 
Hash the direction of the applied electric field across 
A, B can be reversed by means of suitable switches. 

Suppose k\ = mobility of the positive ions, k 2 — mo¬ 
bility of negative ions, and A" = the electric field. 

Suppose now that starting with A at the positive 
potential and B at the negative, the field is reversed 
after l seconds from the flash. By this time all the positive ions within a 
distance k\ Xt from the original negative plate B have reached the latter. If 
A = area of the plate and n = number of ions per c.c., the number of positive 
ions thus reaching B is uAk\Xt. Similarly the number of negative ions 
reaching A by this time is nAk 2 Xt. There will thus be left 2nAd—nAk 2 Xt 
negative ions in the space between A, B at the instant when the field 
is reversed. On reversal this number will reach the plate B, imparting to 
it a total negative charge 

Q — e (2nAd— nAktXt)—enAk\Xt\ 

If the interval after which the reversal occurs is gradually lengthened, the 
net amount of negative charge Q will diminish, more and more, firstly due 


The principle of this 



Fig. 10 

Lnnge^in’s arrangement. 


* Langevin, Ann. de Chim. el de Phys., 28, 289,1903. Cwnplus Rendus., 
134,646,1902. 
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to the diminution in the number of available negative ions in the space 
at the time of reversal, and, secondly, due to increase in the number of 
positive ions already deposited on B before reversal. The diminution of 
Q takes place in a linear relation with time t. This is represented by the 
straight line AB in Fig. 17. Very soon the number of positive ions reach¬ 
ing B before reversal exceeds the number of negative ions reaching 




Fig. 17 

Graphical representation of expected results. 


Fig. 17a 

Experimental Curve. 


it after reversal, and Q becomes positive (over PB). Let us assume 
that the negative ions move faster than the positive. Then ultimately it 
becomes so large that all the negative ions reach A before reversal, and the 
charge at B after reversal is only due to the positive ions reaching B before 
reversal. So further increase of t does not increase the positive value 
of Q as rapidly as before. This brings a sharp bend in the curve (at B) 
denoting a sudden change in the rate of change of Q. The subsequent course 
of the curve follows BC. The sharp change evidently occurs when 
nAd—nAk 2 Xt ~ 0. Calling the value of t corresponding to this t 2 , 
we get 




d 

~Xh 


( 6 ) 


On further increasing the interval after which the reversal occurs a time 
will come when not only all the negative charges reach A, but also all the 
positive ions will reach B before reversal. From this instant onward Q 
will remain constant (over CD). At this point (at C) there will be another 
sharp bend in the curve. This corresponds to nAd—nAk\tX*=Q. Calling 
this value of time t\ we get 


*i 


d 

Xt x 


(7) 
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Since 1 1 and t 2 can be known from the graph accurately, ft. and ft 2 
can be calculated. A similar curve A 1 HUD 1 is obtained corresponding 
to the charge at A. On account of non-uniformity of ionisation the 
experimental curves are not exactly symmetrical, but still sharp bends 
are obtained which permit of the determinations of ft j and ft 2 with 
accuracy. 

The experimental curve is given in Fig. 17(a), A table containing 
Langevin’s values of mobilities is given below. ft+ denotes the mobility 
for the positive ion, and ft~ that for the negative. 

Table 2. 

Coefficients of Mobility of Ions. 


Gan 

Molecular 

Weight 

ft+ 

ft- 

Hydrogen (dry) 

2 

67 

7-95 

„ (moist.) 


5*30 

5*60 

Air (dry) 

— 

1*36 

1*87 

„ (moist) 

— 

1*36 

1*51 

Carbon monoxide 

28 

1*10 

1*14 

„ dioxide 

44 

0*81 1 

0*85 

Sulphur „ 

04 

0*44 

0*41 

Carbon tetrachloride 

154 

0-30 | 

0*31 

Pentane ... ... 

i 72 

036 

0*35 


The methods employed by different workers (Zeleny,* Wellischf 
and others) are sometimes widely different. But the results obtained 
are generally in agreement. It will be seen from the table that the 
velocities of the negative ions are generally greater than those of the 
positive. This fact was first pointed out by Zeleny. Experiments have 
been performed with ionising ag nts other than X-rays. They show 
that the ions produced by X-rays, uranium radiations, or some other 
agents move with identical velocities. It has been found that 
introduction of water vapour into the ionisation chamber has a marked 
effect in diminishing the mobility, specially that of the negative ion. 

Langevint has observed that the mobility of the ions considerably 
increases with the decrease of pressure of the gas. The effect is 


* Zeleny, Phil Tram. Roy. Soc. A, 195, 193, 1900. 
f Wellisch, Phil. Tram. Roy. Soc. A, 209, 249, 1909. 
t Langevin, loc. oit . 
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shown in Fig. 18 taken from subsequent works of Lattoy.* It 
may be noted that for the positive ions the mobility increase's 
linearly with the fall of pressures but for the* negative ions the 



8. Diffusion of Iona.—The ions, like the ordinary molecules 
of gases, diffuse to sides in passing through narrow spaces. Thus it 
is a common experience that an ionised gas when allowed to pass 
through any porous material like cotton wool, loses its conductivity. 
This is due to the fact the ions diffuse to the sides of the material in 
their passages through the line pores, and the sides being oppositely 
charged by induction, neutralise the charges of the ions. Townsend! 
experimentally studied the effect of diffusion of ions by allowing a 
stream of ionised gas to pass through a number of narrow metal 
tubes, and examining the conductivity of the gas before and after 
passage through the tubes. In this way the proportion of the positive 
or the negative ions abstracted from the beam in the process was 
obtained. From this the number of ions diffused per second across 
unit area at right angles to the direction of motion was calculated. 
This number is called the coefficient of diffusion and is demoted by 
D, The coefficient of diffusion of a number of gases is shown in the 
following table. Column IV represents the coefficients of inter-diffu¬ 
sion of some gases into carbon dioxide. The significance of these 
values will be clear in §10. 


* R. T. Lattey, Proc. 1toy. SacA , 84, 173, 1910. 

R. T. Lattey, H. T. Tizard, Proc . Roy. Soc. A, 86, d49, 1912. 
f An idea of the variation of mobility with pressure for positive and 
negative ions may be formed from the following typical data 


fi¬ 

(cm of 

Hg) 1420 

760 

41 r» 

200 

7-5 

le* 

... 075 

1-60 

2-61 

5-44 

1476 

At 

... 

... 0-90 

170 

331 

7*34 

21-86 


t Townsend, Phil. Trans. Hoy . Soc. A f 193, 129,1899. 
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Table 3. 

Coefficients of Diffusion of Ions. 






Coefficients 


Gas 

D for 
+ ions 

D for 
—ions 

Observer 

for inter¬ 
diffusion 
into air 

Observer 

Air (dry) 

„ (moist) 

•028 

•043 

Townsend 



•082 

0?5 

>» 



Oxygen (dry) 

•025 

0396 

»» 

•17778 


„ (moist) 

•0288 

•0358 

»» ! 



Carbon dioxide (dry) 

•023 

•026 

j 

•142 

Loschmidi 

„ (moist) 

0245 

■9255 ! 




Hydrogen (dry) ... 

•123 

•190 ! 


•684 


„ (moist) 

T28 

•142 i 

>1 



Nitrogen (dry) ... 

i 

029 

•0414 | 

Sellos 




Experiments showed that in all eases the negative ions diffused 
faster than the positive ions. Further, it was found that the coeffi¬ 
cients of diffusion of different gases were proportional to their 
Mobilities. This result follows from simple application of the princi¬ 
ples of kinetic theory 1 to the motion of ions. Let n = number of 
ions per cubic centimetre of the gas. By the above definition of the 
coefficient of diffusion, the number of ions which in one second cross 

d n 

a unit area placed at right angles to the axis of is D We can, 

therefore, regard the ions as moving along the axis of x with a mean 

velocity of ~ D ( ~. If p = partial pressure of the ions at any 

constant temperature T,p=wT, where 8= gas constant. The pressure 
p is, therefore, proportional to n. Supposing / 7 = velocity of the ions, 
we have then 


D dp 
p dx 


( 8 ) 


— the force acting along the .r-axis on unit volume of 


the gas. Therefore it follows from (8) that if the ions are placed in 
an electric field X acting along the axis of x they will acquire a 
velocity in this direction, which can be obtained by substituting 

d £-=Xen. That is, 


U = Xen — 
P 


( 9 ) 
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Since the ratio - =constant, if h be the number of ions per c. c. 
V 

at this temperature at atmospheric pressure P, we have ~ Hence 

* 7 = Xe D p .(10) 

Thus the mobility of the ions can be expressed as 

.(ii) 

This shows that k will bo proportional to 7), the coefficient of 
diffusion of the ions. 


9. Charge on the Ions. —Townsend compared the charge 
carried by a gaseous ion with that by a hydrogen atom obtained in 
the electrolysis of water or dilute acids in the following manner. 

In electrolysis it is known that one gm.-atom of hydrogen is 
liberated by the passage of 9645 e. m. units of electricity. Assuming 
that each H-ion carries the charge o', and there are K atoms in a 
gm.-atom of hydrogen, 

AV = 9645X3X10 10 e. s. units. 

= 2*89 X10 14 e. s. u. 


In one experiment on gaseous ionisation it was found that 
D = T28, k = 5*3 cm. per volt per cm. for the positive ion of moist 
hydrogen gas at 15°r r and 760 mm. pressure. From equation (11) we 
get therefore, 

kp k&T 
e ~~ Dh b 


and 


Ne- 


kRT 

D 


_ 5*3 x 300 x 8*3 x IQ 7 x 288 
128 

= 2*97 x 10 14 e. s. units. 


Therefore -y = 1‘03 which is very nearly equal to unity. Almost 

the same ratio is obtained for the ions of any other gas with proper 
values of k and D. This shows *that the charge carried by an ion of all 
gases, both positive and negative, is the same as that contained by an 
hydrogen atom in electrolysis. We shall further see in the next chapter 
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that the absolute measure of this charge is the most elementary unit of 
electricity and is equal to e = 4'77 x 10~ 10 e. s . units. 

10. Mass of the Ions. —Important evidences regarding the mass 
of the positive and the negative ions are obtained from two sources,— 
(l) the rate of diffusion of ions, and (2) the variation of the mobility of 
ions with pressure. 

It has been found (ride Table 3) that the coefficient of diffusion of 
the negative ions is always great r than that for the positive ions of 
the same substance. This would indicate that in general the positive 
ions are heavier than the negative ions. The coefficient of diffusion 
of ions for any gas has also been compared with the coefficient of 
inter-diffusion of the molecules of the same gas into those oi: any 
other gas. Thus the positive ions in moist C0 2 have the coefficient 
of diffusion *0245, and the coefficient of inter-diffusion of 0O 2 into 
air is "14. According to the kinetic theory of gases the rate of inter¬ 
diffusion of two gases is inversely proportional to the square root 
of the product of the masses of their molecules. From this it appears 
that a positive ion of C0 2 is many times heavier than a neutral 
molecule of the same gas. Results on the inter-diffusion of negative 
ions for C0 2 as well as for other gases lead us to similar conclusions. 
From these evidences it follows that an ion at ordinary pressures con¬ 
sists of a central charged particle which attracts round itself a cluster 
of neutral gas molecules, and is set in motion as a whole. 

The above conclusion is not, however, fully supported by the 
results of ionic mobility. It has been stated in §7 that on lowering the 
pressure the mobility of the positive ions linearly increases. This can 
be readily attributed to increase in mean free paths of the ion and we 
need not assume that there is any change in their mass. For negative 
ions, however, the mobility increases much more rapidly with fall of 
pressure than can be accounted for simply by assuming that the mean 
free path increases. It is, therefore, believed that the negative ion con¬ 
sists actually of a group of molecules with a central charged particle, 
as suggested by the study of inter-diffusion of ions, and the group 
gradually disintegrates into smaller clusters as the pressure is lowered. 

11. Mechanism of Ionisation.— It is now well known that 
atoms of all substances contain extremely small negatively charged 
particles called electrons having a mass nearly 2000 tunes smaller 
than that of a hydrogen atom. These electrons play an important part 

F, 4 
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in the phenomenon of ionisation. It is believed that the action of 
the ionising agent is to expel an electron from the molecule of the gas, 
so that the latter is left with an excess of positive charge, and 
constitutes the nucleus of a positive ion. The latter may then 
attract round it a number of neutral gas molecules forming a cluster. 
At ordinary pressure the electron, soon after its release, attaches 
itself to a neutral gas molecule, giving to it its negative charge. 
This negatively charged molecule behaves as a negative ion at 
ordinary pressures. But at very low pressures the liberated 
electron can very rarely find a partner, as the number of gas molecules 
is extremely few. So the electron exists in free state, and forms 
the majority of the negative ions at low pressures. Evidences also 
show that under special circumstances it is possible that a number 
of neutral gas molecules cluster round the positively charged gas 
molecule as centre, and the entire group behaves as a positive ion. 

12. Photographing the Ions : C. T. R. Wilson's Cloud- 
Chamber Method and its Modifications. —Some experiments will 
now be described which verified in a direct way the hypothesis of the 
production of charged ions throughout a gas due to the action of 
ionising agents. The method is based upon the property that the ions 
under certain conditions can serve as nuclei for the condensation of 
water drops, a property which has been utilized for rendering the 
individual ions visible, as well as for counting the number of ions. 

It has been long known, that if air saturated with water vapour 
be suddenly expanded, a cloud consisting of small globules of water 
is formed. This is due to the fact that on account of adiabatic expan¬ 
sion, the temperature falls considerably and the space becomes super¬ 
saturated with water vapour. The excess is condensed as particles of 
water forming the cloud. It was however shown by Aitkcn that 
if the air were perfectly dustfree (as can be easily done by passing 
it through glasswool), no cloud is formed even when the space is 
considerably supersaturated. The explanation is as follows : When 
no dust particles are present, the excess of water vapour finds no 
surface on which it can deposit itself. Small particles which are 
formed due to the concentration of a number of water molecules at 
one point evaporate rapidly, since, as Lord Kelvin had shown, the 
saturated vapour pressure over a surface of such small* curvature is 
much larger than that over a flat surface. The relation 7 giving the 
difference of vapour pressures over a curved and a plane surface is 
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2 S if 

7 pIMF 


( 12 ) 


or 


p = 


2,S jjf 

r pUT 


(13) 


Here p f = saturated vapour pressure over a surface of radius of 
curvature r. The curvature is to be taken positive if the surface is 
concave to the space, negative when it is convex, S - surface 
tension, p~ density, J/=the molecular weight and 7—the absolute 


temperature. 

For a spherical water drop at 27°C, if r—1 pp 


28 JL_ _ 2X73 _ 18 

r pRT 10- 7 ’8‘30X10 7 X300 


Since /* is negative, over a drop having the radius 10“ 7 cm., p 1 >2p 
nearly. Hence the drops evaporate as soon as they are formed, even 
if the supersaturation pressure be more than double the saturation 
pressure. 

The experiments* of R. von Helmholtz, Richarz and Lenard 
showed that even when the air is completely dust-free, condensa¬ 
tion may be produced by expansion, provided that the space was 
exposed to X-rays or other ionising agencies like ultraviolet 
light or flames. Extended investigations by C, T. R. Wilson showed 
that the ions postulated by J. J. Thomson to account for the acquired 
electrical conductivity of a gas servo as centres of condensation of mole¬ 
cules of water round them. In fact a charged nucleus acts as a centre 
of condensation for a smaller degree of saturation than an uncharged 
nucleus. For, on account of a charge r, the system has a potential 

e 2 

energy proportional to — which diminishes with increase of r f ; 


since the potential energy of any system tends to become minimum, a 
drop formed round such a nucleus acquires an extra stability on 
account of the charge. C. T. R. Wilson found that if be the 
initial volume of air, V 2 the volume after expansion, the negative 


v q 

ions act as centres of condensation when y/ > 1'25, and the 

r l 


* For an account of R. von Helmholtz’s experiments on the condensa¬ 
tion of steam in a space subjected to point discharge, see J. J. Thomson 
and G. P. Thomson’s Conduction of Electricity through Oases, n. 310. 

f For a theory of condensation on charged drops, see Thomson and 

Thomson, loc. cit^ p. 325. 
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positive ions act when the ratio is greater than 1*31. When the ratio 
exceeds 1*35, a dense cloud appears even in the absence of all nuclei. 
By confining the expansion within narrow limits, ions possessing only 
one kind of charge can be rendered visible as fine drops of clouds. 
Thus when the ratio of the final to the initial volume lies between 
1*25 to 1*38, the first stage of (rain-like) condensation sets in. This 
stage is due to the condensation on negative ions. When the ratio 
exceeds this limit, a much denser form of cloud appears, which 
is due to condensation on positive ions. These are shown in 
Table 4. 


Table 4 



Rain-like 

| CONDENSATION. 

Cloud-like 

CONDENSATION. 

Gas. 

Final/Initial 

Volume. 

Super¬ 

saturation. 

Final/Initial 

Volume. 

Super¬ 

saturation. 

Air 

1-252 

4-2 

1-375 

7*9 

Oxygen . 

1-257 

4-3 

1*375 

7*9 

Nitrogen . 

1-262 

4-4 

1-375 

7*9 

Hydrogen 

_ 


1*375 i 

7*9 

Carbonic acid . 

1*365 

4-2 

1'53 i 

7*3 

Chlorine . 

1*30 

3-4 

1-44 ; 

5-9 


The third and the fifth columns represent, in rain-like and cloud-like 
condensations respectively, the ratio of the pressure of the water- 
vapour actually present in the space to the saturation pressure at 
the same temperature. 

A later form of C. T. R Wilson's* apparatus is shown in 
Fig. 19. A B is the expansion chamber which is completely closed and 
cylindrical in shape, lb 5 cm. in diameter, and 3*5 cm. in height. The 
base B is a movable platform equivalent to a piston working within 
water-tight joints at the bottom. The space below B may be put in 
communication with a highly evacuated vessel D by opening a valve 
C which is pulled from outside. W, W are two wooden blocks 
inside B and they serve only to reduce the air space within the chamber. 
On opening the valve C, the platform J$uddenly drops down, (until 


* C. T. R Wilson, Proc. Roy. Soc . A, 87, 277, 1912. 
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it is arrested by rubber pads) causing a sudden expansion of the 
volume of the chamber. 

An X-ray tube, and an illuminating spark are so arranged that 
the sudden drop of the platform excites the two in quick succession, 
and the drops of clouds formed on the ions along the X-ray tracks are 
simultaneously illuminated and can be instantaneously photographed. 
The process can be repeated by rc-cvaeuating the vessel I) by 
means of a pump. By employing the radioactive radiations as ionising 



Fig. It). C. T. It. Wilson’s ck id-chamber apparatus. 

agents in place of X-rays, the track of a single a or (3-ray can also be 
photographed in a similar way. In many cases it is necessary to 
study the picture of the tracks in space ; for this purpose stereoscopic 
photographs of the tracks are taken by using two cameras at right 
angles. 

In photographing some rare phenomena of collision of a-particles 
with atomic nuclei {vide supra) it becomes necessary sometimes to 
obtain about a million photographs of the tracks, out of which 
one may be successful. In such experiments Wilson's method, in 
which the state of supersaturation of the space inside the chamber 
cannot be prolonged, proves rather inconvenient. For such works 








30 


PHENOMENON OF IONISATION OF GASES 


[I 


Shimizu* devised an automatic apparatus in which expansions 
may be rapidly repeated maintaining supersaturation for hours 
together, and a continuous series of photographs of the track can 
be obtained. Shimizu’s apparatus is shown in Fig. 20. 



A is a circular 
glass plate which 
forms the top of the 
cloud chamber. 

B is the piston 
sliding along the 
walls of the brass 
cylinders CC. 

D is the piston 
rod which finds its 
way through a hole 
H in the base of the 
apparatus. 


E is a horizontal rod passing through D and pinned to the latter. 


One end of E is connected to a horizontal shaft K which is driven 


by a motor by means of an arm and a link. The other end of E is 
fired by a pin p which acts as a fulcrum. Thus as the shaft rotates, E 
executes a rocking motion, and the piston a reciprocating motion, the 
extent of which is controlled by the position of the pin p so as to pro¬ 
duce the suitable supersat;iration. The operation may be continued 
as long as necessary without interruption. 

By means of a rotating commutator an electric field is temporarily 
established over the air-space in the chamber. Tips field serves to 
remove all the ions generated between two successive supersatura¬ 
tions, and the field is withdrawn every time at the instant when 
supersaturation occurs, because otherwise the ions on a track of 
the ray will be pulled apart by the electric-field and distort 
the appearance of the track. 

The moments of admitting the ionising rays into the chamber, 
exciting the illumination, and opening the camera for photography are 
regulated by a number of shutters. 

Shimizu has also developed a method for obtaining simultaneous 
photographs of two images of the track viewed in two directions 


T. Shimizu, Proc . Roy. Soc . A, 99, 425, 1921. 
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at right angles to each other on a moving film; by this means the 
orientation of the track in space can be determined. Shimizu's 
method has in general been employed by Blackett, Harkins and Ryans, 
Auger and Perrin and others in their numerous investigations on rare 
and complicated collision phenomena due to the passage of a and [5-ravs. 



Fig. 20a. Tra< l k of <z-partieh*s. 


Blackett* has shown that in Shimizu's method, though very efficient 
for continuous photography of the a-ray tracks for a long time, the 
tracks obtained are not as sharp and well-defined as in Wilson's 
original method. The excellent definition of the track evidently 
requires very sudden expansion which was a characteristic of the 
original method. So in his own researches he used a modified 
Shimizu apparatus in which the reciprocating mechanism was replaced 
by simple spring action. This com¬ 
bines with the merit of sudden expan¬ 
sion of Wilson's original design the 
mechanism of repeating it as frequent¬ 
ly as required. The modified part (only 
the spring action) is shown in Fig. 21. 

The speed of expansion is regulated 
by the tension of the spring A, and the u @ 
amount of expansion by the adjustable 
screw B. The various operations, [ 
vix; the occurrence of expansion, the 
admission of a-rays, the illumination, 
and opening of the film camera were carefully timed. It was found 
best to obtain photographs just when the expansion was completed. 

The “ cloud chamber ” experiments described above are of very 
wide applicability in the study of complex radiometric phenomena. 
A typical photograph of two a-ray tracks from Radium obtained by 


1 


I 


A 



T- M ,- 

21 

Market!’* Apparatus. 


nm 


* P. M. S. Blackett, Proc. Roy. Soc. A, 102, 294, 1922. 
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this method is shown in Fig. 20a. The abrupt bending near the end of 
one of the tracks is remarkable. Its significance will be clear in 
Chap. IV. The photographs obtained in numerous other cases will be 
given in their proper places later on. 

13. Electrical Counters. —A very sensitive method of detect¬ 
ing the presence of single charged particles was first successfully 
attempted by Rutherford and Geiger* in the year 1908. They fired 
a beam of a-rays (which are positively charged particles emitted 
by radioactive substances like U) through a very narrow opening 
into a cylindrical ionisation chamber with a central wire electrode, 
the gas in the chamber being reduced to a pressure of about 4 cms. 
The cylinder was charged to high negative potential of several 
hundred volts and the wire was connected to a sensitive quadrant 
electrometer. The entrance of each a-particle produced ionisation 
in the chamber which, owing to the low pressure and the strong 
electric field, multiplied itself several thousand times and caused the 
electrometer needle to be deflected appreciably. Thus the number of 
kicks of the electrometer needle gave the number of a-particles entering 
the chamber. 

Four years later, Rutherford and Geiger modified their apparatus 
by using a cylindrical chamber with a hemispherical end, a rod with a 

spherical knob at its end serving as 
the central electrode (Fig. 22). The 
quadrant electrometer was replaced 
by a string electrometer so that a 
larger number of a-particles could 
be detected,as soon as they entered 
the chamber. In such experiments, the string electrometer is pre¬ 
ferred as it possesses no lag. 

But the two types of counters described above were not sensitive 
enough for detecting (3-particles, and Geigerf, in the year 1913, 
devised an apparatus by which it^was possible to count 6-particles 
as well. His apparatus is described below. 

'The Geiger Point-Counter .—It consists essentially of a cylindri¬ 
cal brass chamber (Fig. 23) one end of which is closed by a disc I)D 
and to the other end is fitted an ebonite or rubber plug C. 

* E. Rutherford and H. Geiger, Proc . Roy . Soc. A, 81, 141, 1908, 

f H. Geiger, Verh. D. Phys. Qesell , 15, 534, 1913, 
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Through this plug passes a wire WW ending in a fine needle 
point W. At the centre of the ^ gm 

disc is bored a small hole B so ^ 
that it lies just in front of the 

“ point.” This counterworks well B -— W 

even at atmospheric pressure. 

Although the arrangement of q|_ 

electrical connections used by *%• ** 

. . , v . •. The Geiger Point-Counter. 

various experimenters has varied, 

yet the one which we give below (Tig. 24) illustrates fully the 
working of the apparatus. 

The cylinder is connected to the positive pole of a source of a very 
high potential (up to 2000 volts), while the point electrode is joined to 
a string electrometer and is at the same time earthed through a very 
high resistance It (of the order of 10 10 ohms). When some source of 
a or {J-partieles is brought in front of the hole, the string of the electro¬ 
meter is deflected intermittently, each deflection signalising the 



Fig. 24. Arrangement for using the Point-Counter. 

entrance of a particle into the chamber. Thus it is possible to find out 
definitely the rate of emission of the particles from a given sample of 
a radioactive substance. When an a-particle or a (J-particle reaches 
the very strong field near the point, it starts a point discharge 
(“Spitzentladung”) which gives rise to a flow of electric charge 
sufficient to cause an appreciable deflection of the electrometer. By 
the time another rush of current takes place, this charge leaks away to 
the earth through the high resistance, 

F. 5 
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Instead of using an electrometer for detection, various other 
devices such as telephone-receivers, electroscopes and very sensitive 
galvanometers have been used. The modern method is to employ 
some sort of a vacuum tube amplifier and then to use a loud speaker 
or some self-recording device, e.g a sensitive relay. An example of 
a very simple arrangement of this type is shown in Pig. 25. The posi¬ 
tive pole of the anode battery is connected to the plate of the triode, 



Fig. 95. The u«e of amplifier in Geiger Counter 


while the negative pole is joined to the filament and earthed through 
a sensitive relay R which operates a local circuit L.C. actuating 
the chronograph pen P. In this way we are able to obtain a per¬ 
manent record of the a-particlcs or (3-particles. Usually a three-stage 
vacuum tube amplifier is quite sufficient for this purpose. Very 
recently an “ Automatic Adding and Registering Machine ” has been 
devised by Neufeldt and Werner* to be used with Geiger Counters. 

One very important fact about Point Counters which is not very 
well understood is that their successful operation is very much depen¬ 
dent on the nature of the point employed and the point requires care¬ 
ful preparation and preservation in order that it may perform its 
function properly for some length of time ; otherwise it may work 
only for a few hours and then be rendered useless. Another difficulty 
experienced while working with counters is caused by the appearance 
of “stray discharges” or “natural disturbances,” i.e., discharges even 

* Jfeufeldt and Werner, Phys. Zeits 32, 453, 1931. 
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when evidently there is no radioactive substance in the neighbourhood. 
They may be due to the a-particles from the emanation in the air, or 
radiations from the material of the counting chamber, or penetrating 
Y-radiations from the earth and other sources, and also to imperfect 
needle points. The results of researches carried so far, though not 
very definite seem to lead to the conclusion that very fine platinum 
points or very minute platinum globules thoroughly cleansed with 
alcohol and carefully heated are most suitable for use in Point 
Counters, 

The effect of the sizes of the chamber and the point, of their 
material shape and disposition, and the influence of the gas inside 
the chamber, and its pressure, etc., have been investigated by several 
experimenters, but their individual results are so inconsistent with 
each other that it is very difficult to say anything definitely about 
them. And the various observers have built different theories—none 
too satisfactory to explain the phenomena observed by others—on the 
basis of their own observations. As an example of these controversies 
may be mentioned the fact that while Kutzner* explains the principle 
of action of the counter by supposing the formation of a layer on the 
chamber surface, Geigerf thinks that a layer is formed not on the 
chamber but on the surface of the point; but Emeliust explains it as 
a purely ionisation phenomenon. And yet another worker, Curtiss§, 
thinks that a layer of gas is definitely formed round the point. 
But whatever may be the processes occurring inside the chamber, the 
counter in the hands of expert observers has been, up till now, a very 
useful instrument for various kinds of measurements in radioactivity. 

Since the Geiger counter can detect individual a-particles and 
p-particles, it should be able to detect Y-rays and X-rays also, for 
they produce secondary electrons when they fall on matter; and in 
fact, the counter has been utilised successfully for this purpose. 
On the same principle ultraviolet light can also be detected with 
the help of a Geiger counter. Further, this instrument has been 
employed for counting and determining the range of H-particles II, 
and for counting slow electrons^. 


* Kutzner, Zeits. f. Phys ., 23, 117, 1924. 
t H.Geiger, Zeits . f. Phys ., 27, 7,1924. 
t Emelius, Ptoc. C<xmh. Phil, Soc ., 22, 676, 1925. 
8 L* F. Curtiss, Phys. Rev., 31, 1060,1928. 
j{ Schmutzer, Phys. Zeits., 28, 245,1927. 

■ Horn hostel, Ann . d. Phys ; (6), 8, 991,1931. 
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14. The Geiger Tube Counter. —In 1928, Geiger and Muller* 
described a new form of counter now sometimes known as the 
Geiger-Muller Tube-counter. It is many times more sensitive than 
the. Point-Counter and has therefore been used to detect the radia¬ 
tions from substances which show only very weak radioactivity. 
Thus with the help of this tube counter, it has been possible to detect 

the radioactivity of Potassium and 
Rubidium, also of Beryllium and 
Samarium. This apparatus (Fig. 26) 
consists of a cylindrical metal 
chamber along the axis of which is * 
stretched a fine wire passing through 
hard rubber plugs which close 
the tube air-tight, and the chamber is exhausted to a pressure of 
about 4 or 5 cm. Although Geiger and M filler originally believed 
that the counter would give intermittent discharges due to the rays 
only if the central wire be coated with a semi-insulating layer, it has 
now been definitely established that even a bare well-polished wire 
serves the purpose equally well, and that no such preparation of the 
wire as is necessary in the case of the “ Point ” in a Point-Counter is 
needed here. But it has been found that the Tube-Counter does not 
work properly if even traces of moisture arc present in the counter. 
The gas used has therefore to be dried thoroughly by passing through 
sulphuric acid and P 2 O 5 . Many of the difficulties which are met 
with in the case of point counters are experienced with tube counters 
as well and the same remarks apply as regards the results of various 
workers in this field. But while the operation of the tube counter 
is not affected by the nature of the surface of the wire, it is certainly 
influenced by the nature of the inner surface of the chamber walls. 
On the basis of these observations L. F. Curtissf has proposed a 
theory which claims to be consistent with the present-day conceptions 
about ionisation. Whether this theory will stand the test of further 
experiments it is very difficult to say. 

The method of using the Tube Counter is very much similar to 
that described for the Point Counter, except that in this case the 
counter is made negative with respect to the central electrode. An 
amplifier and loud speaker or some self-recording device axe usually 

* Geiger and Muller, Phys . Zeits ., 29, 839, 1928. 
t L. F. Curtiss, Bureau of Standard Journal 5,115,1930. 



Fig. 26. The Tube Counter. 
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employed to detect the impulses. But; the form of the counter as well 
as the experimental arrangements differ widely to suit the particular 
end in view. This type of counter, on account of its greater sensitivity, 
has been very much more useful than the Point-Counter. It has been 
utilised in the magnetic spectrograph* in connection with investi¬ 
gations on the X-ray photoelectrons where it replaces the usual 
photographic plate. Use has also been made of a modified form of 
the Geiger Tube Counter in measuring very minute quantities of 
radiumf (even as small as 10 “ {i mg.). But perhaps by far the most 
important application of the Tube Counter has been in experiments 
on Cosmic Rays. 



Fig. 27. A Record of the Geiger-Counter. 


A typical photograph of the Geiger Counter record of a-ray is 
shown in Fig. 27. In this a-rays enter the chamber at a rate of 600 per 
minute. The sharp kinks indicate the entrance of each a-ray into 
the chamber. 
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CHAPTER II 

THE ELECTRON 


15. Introduction—Earlier Theories of Matter.— The electri¬ 
cal theory of matter, which is discussed in this book, may be 
said to form a logical extension of the atomic theories* of matter 
which were elaborated during the nineteenth century and which 
dominated scientific thought for over fifty years. But historically, 
the subject grew from studies on the ionisation of gases of which a 
brief account has been given in Chapter I. It will now be profit¬ 
able to begin with a short review of the atomic theories. 

The idea that all matter in the Physical World is made up of 
atoms, “ small elementary particles with very characteristic 
properties ” is a very old one, and can be found in the literary 
records of many ancient culture-people.* These atoms were also con¬ 
ceived as elements, and a hundred and fifty years ago, the belief was 
universal that this polygot world was made up of five fundamental 
elements, viz., “Earth, Air, Water, Fire, and Aether.” There was 
no idea regarding the size, shape or mass of these atoms, except that 
they were conceived in some vague way to be infinitely small.f 


* The founder of one of the six systems of philosophy in India, viz., 
the Vaisheshika, propounded in remote antiquity a form of the atomic 
theory, and was nicknamed ‘Kanad* or the Atomeater by the rival 
metaphysicians, because he based his philosophy of the World on small 
particles. In Greece, a form of the atomic theory was put forward in the 
fifth century B.C. by Leucippus and Democritus. These atoms were 
conceived as small, indivisible particles, infinite in number, capable of 
various shapes and sizes. 

Empedocles affirmed the existence of four elements to which a fifth 
was added later. The first four were earth, air, fire, and water, and the 
fifth was aether. The same belief is found also amongst the Hindus, 
but it is not definitely known with whom it first originated. It is also not 
clear whether the elements were conceived as ‘ principles/ or as ‘atoms.* 
f This explanation of Nature persisted amongst men of science up to 
the end of the eighteenth century, when the strictly quantitative and 
experimental study of Nature was initiated by Lavoisier. The rationalistic 
methods of Lavoisier still dominate scientific thought and are responsible 
for the extraordinary expansion of our knowledge of the Physical World 
within the last hundred and fifty years. 

>9 
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The time-honoured belief in the five elements received a rude 
shock towards the end of the eighteenth century. It was shown 
with the aid of the newly discovered Voltaic pile, that one of these 
ancient elements, vi \water can be decomposed into two elementary 
and simpler gases, Hydrogen and Oxygen. Following this discovery, 
chemists and physicists went on discovering one elementary sub¬ 
stance after another till, when a census was taken, it was found that 
their number could not be limited by the magical properties of any 
particular integer. By the time Dalton formulated his ‘Atomic 
Theory ' to explain chemical combination, and Clausius and Maxwell 
were busy in finding out definite values for the number and size of 
different atoms, their total number had reached well over fifty. But 
the human mind refuses to believe in complexity; so before long, 
philosophers began to ponder whether the so-called chemical elements 
were at all elementary, whether they might not turn out to be com¬ 
posed of some more elementary stuff. The most sensational effort 
was made by Prout; he thought that hydrogen was the elementary 
atom, and other atoms were merely its condensation products. But 
experiments showed that the weights of atoms were not integral 
multiples of the weight of the II-atom and Front's theory failed to 
live through. In the nineteenth century, scientists with a few 
exceptions, notably the astronomer Sir Norman Lockyer, continued 
to believe in the non-divisibility of the atom. 

But in 1896, the atom was definitely shown to be capable of 
further subdivision. 

16. Studies in Electricity. —Side by side with the advance in 
our knowledge of the atom, other groups of physical phenomena, m., 
electricity, magnetism, light and heat began to receive greater 
attention. They were first studied as isolated groups, but discoveries 
were soon made which showed that these different groups of 
phenomena are all interconnected. Thus Oersted's discovery 
that a wire carrying a current creates a magnetic field about 
itself showed for the first time, that an intimate connection exists 
between Electricity and Magnetism, and later, it led to mo¬ 
mentous discoveries in Electromagnetism. Weber and Kohlrausch's 
discovery that the ratio between the electrostatic and electro¬ 
magnetic units of electricity is equal to the velocity of light showed 
for the first time that light is an electromagnetic phenomenon 
(Vide Note 1). 
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The first intimate connection between atomic theories and electri¬ 
city was revealed by Faraday's discovery of the laws of Electrolysis. 
These laws, interpreted in the light of atomic theories, led to the con¬ 
clusion,-that in solutions the electrolytes split up into ions or charged 
particles of opposite signs, which can be separated by the passage of 
an electric current. The ions arc simply atoms, or groups of atoms 
(compound radicles) endowed with a definite quantum of electricity, 
or some multiple of it. Thus if we suppose that the H-ion is charged 
with the amount of electricity e, the bivalent Ca-ion in solution has 
double this amount of charge, the Al-ion which is usually trivaleut 
has treble the amount. The laws of electrolysis thus clearly led to the 
fact that electricity in ions occurs in integral multiples of an elemen¬ 
tary quantum c. Helmholtz showed in 1881 that we can make a fair 
estimate of this charge if we have a knowledge of the number 
of atoms N in a gram-atom (the Avogadro-Losehmidt number)* 
for, 

Ne = 9645 

i.c., the charge carried by a gram-atomic equivalent of N atoms is 
experimentally found to be 9645 electromagnetic units.* 

But at this time this elementary charge could not be isolated, 
nor could it be shown that it formed part of the atom. 

17, Isolation of the Electron—Phenomena in a Discharge 
Tube. —The isolation of the elementary negative charge was first 
effected by studying the phenomena of discharge of electricity through 
a vacuum tube, and can be illustrated by a number of experiments. 
We proceed to describe them below. 

Take a simple discharge tube, that is, a cylindrical glass tube about 
20 cm. long and 3 cm. in diameter, fitted with two aluminium electrodes, 
and connect it to a high vacuum pump. Connect the two electrodes to 
the two terminals of an induction coil, or any other source of high 
voltage, say forty thousand volts. 

At first it is difficult for any discharge to pass through. Then at a 
pressure of about 10 mm., discharge begins to pass, which takes the form 
of red streamers. Let us now observe the change in the nature of the 
discharge as the pressure begins to diminish. 


* For the determination of the number N from the kinetic theory of 
gases, see Saha anti Srivastava’s Text Book of Heat, p. 732 

F. 6 
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The different stages are 

(a) When the pressure of the enclosed air falls down to about 4 mm. 
of mercury, a dark discharge passes through the tube with slight luminous 
effect at the two electrodes. These are the negative and the positive glows 
at the cathode and the anode respectively. 



Fig. 1 . A typicarglow discharge In air'at a pressure of 1 mm. 


(b) At a pressure of about 1*65 mm., a long conspicuous column of 
uniform pink glow starts from the anode and occupies the greater part of 
the tube. It is called the positive column and is separated from the negative 
glow by a dark region known as the Faraday dark space. With a potential 
difference of 080 volts across the tube and about 6 milliamperes current 
through it, this general appearance persists up to a pressure of 0*8 mm ; 
only at this lower limit, the negative glow is cleared out of the cathode 
surface, by a narrow dark region, known as the Crookes' dark space .. 

(e) As the exhaustion still continues, at a pressure of 0*37 mm. and 
a current of about 1 milliampere through the tube, the uniform luminosity 
of the positive column is broken up into pink coloured striations , separated 
by short dark regions. The number of these striations gradually increases 
with the reduction of pressure, until at about 0*24 mm., of pressure, the 
striations appear over the whole of the positive column; this latter however 
contracts in length and the CVcnkes* dark space, the negative glow and 
the Faraday dark space occupy more space than before. The glass walls 
of the tube begin to fluoresce at this stage. 

(d) At still higher rarefaction, when the pressure becomes as low as 
0*1 mm. the positive column recedes to the anode, and finally disappears; 
the Faraday dark space is also pushed to the positive electrode and 
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the negative glow and Crookes’ dark space fill the whole tube. At this 
stage, luminous streaks are seen to come out of the cathode, normal to its 
surface. These are Cathode rays. Continuing the exhaustion still further 
to 0*02 mm., luminosity which is to be found at the end of the Crookes’ 
dark space disappears and first the electrodes, then the whole tube begins 
to shine; this is the well-known stage preliminary to the emission of 
X-rays. At a still higher vacuum, it is impossible to send a discharge 
through the tube. This is known as the no discharge stage . When this 
stage is reached, the pressure is about 10" 4 mm. of mercury. 

With a fixed pressure inside the discharge tube, if the distance between 
the anode and the cathode be gradually decreased, the same series of 
phenomena, viz .,—at first the contraction of the positive column and the 
Faraday dark space, and then expansion of the Crookes’ dark space and 
negative glow towards the anode—are observed, and finally the Crookes’ 
dark space may be made to occupy the whole tube. 

These effects depend, besides oil the pressure of the gas, and 
distance between the electrodes, upon the nature of the gas, size and 
shape of the tube and the electrodes, purity of the contained gas and 
numerous other factors. The voltage required to send a discharge 
through the tube is mainly dependent upon the gas pressure. It 
decreases as the pressure is gradually reduced from its ordinary 
value, until it reaches a minimum ; for pressures lower than this, the 
voltage again increases, and finally rises to a very high value. 

These phenomena depend entirely upon the power of conducting 
electrical charges acquired by the space inside the discharge tube 
at a very high vacuum. It is believed, that at the state of high 
rarefaction, when most of the nonconducting air molecules have been 
removed from the tube, electrons are ejected from the surface of the 
cathode due to the intense electric field in its vicinity. They travel 
with very great velocity acquired under the high potential difference, 
and ionise the few air molecules encountered in their way. It is 
these ions which are mainly responsible for the acquired conductivity, 
and they owe their origin directly to the free electrons emitted from 
the cathode. 

18 . Distribution of Electric Field and Conductivity in 
the Discharge Tube# —To explain the above interesting phenomena 
observed in a discharge tube, it is necessary to determine the distribution 
of electric field, and the number of ions present at each point, along the 
path of the discharge. The distribution of electric intensity has been 
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investigated by J. J. Thomson and others. The usual method employed 
is to insert two auxiliary, fine platinum wire-electrodes separated by a 
fixed distance, at different parts along the discharge, and to find out the 
difference of potential between them by means of a quadrant electro¬ 
meter. This is directly proportional to the electric field. At the cathode 
and the anode, however, where ions of only one sign naturally predominate, 
the result given by this method becomes uncertain. Therefore, a second 
method has beeu devised by J. J. Thomson* In this (Fig. 2) a narrow 

beam of cathode rays is passed between two 
subsidiary electrodes, C', A' contained in 
a side-tube T, in a direction at right angles 
to that of the main discharge CA. In 
traversing any part of the main discharge, 
the beam suffers a deflection proportional to 
the electric field over this part (see §21). 
The deflection can be read by receiving it 
on a screen placed inside another side-tube 
T opposite to T, and it directly gives a 
measure of the electric field. The method 
is specially useful in determining the 



Apparatus for the determination of 
electric field in diacharges. 


field near the electrodes. 

The actual distribution of the field changes with change of pressure in 
the discharge tube. The general nature of the distribution however 
remains the same. A typical distribution, first obtained by Graham f in 
a nitrogen discharge tube at 0*63 mm. pressure, and later on confirmed by 
Wilson, is shown graphically in Fig. 3, in which the shaded parts repre¬ 
sent the luminous regions in the discharge tube from cathode to anode, 
and the ordinate at each point of the curve above represents the electric 
field at the corresponding point of the tube. 

It will be seen that at the cathode the electric field is very large, 
which diminishes rapidly over Crookes* dark space and reaches a minimum 
on the cathode side of the negative glow. The large change of potential 
over the Crookes* dark space is known as the Cathode fall of potential . It 
has been thoroughly investigated by Aston and Watson.t Beyond the 
Crookes* dark space, the field rises a little, but falls again in the Faraday 
dark space. Towards the end of the latter, the field begins to rise rapidly, 
reaching a high value at the beginning of the positive column. Over 
the striations, the field rapidly fluctuates rising to a maximum at the 


* J. J. Thomson, Phil. Mag ., 18, (6), 441, 1909. 
t W. P. Graham Weid. Ann. d. Phys., 64, 49, 1398. 
t F. W. Aston, Proc. Roy. Soc ., 79,‘80, 1907. 

F. W. Aston and H. E. Watson, Proc . Roy. Soc., 86 , 168, 1912. 
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region of a maximum brightness, and vice verm. The field then goes on 
increasing abruptly up to the anode. 

DISTANCE FROM THE CATHODE 

2 4 6 8 10 12 H 16 18 20 



The distribution of conductivity along the path of discharge has been 
investigated by H. A Wilson, 13, Van dor Pol, and others. Wilson’s* 
method is a modification of the usual method for determining the distri¬ 
bution of electric field by means of subsidiary electrodes. The two wire 
electrodes have been replaced by small plate electrodes, placed on either 
sides of the discharge, with their planes parallel to the discharge. They 
can be shifted from region to region along the path of the discharge, and 
applying a small difference of potential across them, the current between 
them at each point can be determined. This current is a direct measure 
of the number of ions present, that is, the conductivity along the discharge. 
In this method, there is however the groat difficulty, that the actual distri¬ 
bution of conductivity may be considerably modified by the secondary 
ionisation which may occur between the cross-electrodes under the applied 
difference of potential. The result obtained therefore becomes rather 
doubtful. 


* H. A. Wilson, Phil Mag t) 49 (5), 505, 1000. 
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The difficulty has been eliminated in the method devised by ]Van 
der Pol.* The apparatus used is shown in Fig. 4. FC is the discharge 
tube held vertically by means of ebonite supports H, K, between the 
condenser end of a parallel wire-system A B D of a Lecher bridge. At B 



Fig. 4. Van der Pol’s apparatus 

the two ends of the Lecher system are freely connected to a Duddel 
thermogalvanometer E. Initially, without any discharge in the tube, a 
stationary wave is induced in the pair of parallel wires by tuning them to 
a Hertzian oscillator. When steady state is reached, the thermogalvan¬ 
ometer indicates a maximum current in the Lecher system. 'On starting the 
discharge, the space between the wires at the point acquires some amount 
of conductivity. So energy is absorbed in this region, and the thermo¬ 
galvanometer would indicate a smaller steady current The latter current 
is a measure of the conductivity in the particular region of the discharge 
tube between the wires. By means of pulleys, the tube may be slid along its 
length, and the conductivity at its various parts may be tested in this way. 

The general characteristic of the distribution of conductivity is 
exhibited in Fig. 5, adopted from Van der Pol’s paper The ordinates of 
the curve represent deflection of the galvanometer, and hence are inversely 
proportional to the conductivity of the discharge tube. It will be Been 


* B. Van der Pol, Phil May., 38 (7), 352, 1919. 
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that the conductivity gradually increases up to a point in the negative 
glow, where it reaches the maximum. In the Faraday dark space, the 



Fig 5. Distribution of conductivity. 

conductivity gradually decreases towards the positive column. Over the 
striations, the conductivity fluctuates, the minimum of conductivity occur¬ 
ring at the negative point near the brightest part of each stria. In regions 
very close to the electrodes, the conductivity is practically zero. It may 
be remarked here that these results are just the reverse of those obtained 
by H. A. Wilson. But in view of uncertainty in the latter’s experiment, 
Van der Pol’s results are accepted as correct. Moreover., it has been 
pointed out by J. J. Thomson, that as the brightest parts of the striations 
correspond to maximum electric fields, ions are expected to move fast 
across these parts, giving the least accumulation of ions, and therefore 
minimum conductivity in these regions. 

In recent times attempts have been made to investigate theoretically the 
distribution of potential and the numerous secondary collision phenomena 
taking place in a discharge tube. The task is indeed very difficult. 
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because, say, in the case of investigation of the distribution of potential, 
one has got to consider the superposed effect of the space charge due to 
the moving ions and the electrons, and the charges on the electrodes. 
Besides, the nature of the distribution changes with the space of the 
electrodes, the state of vacuum and numerous other factors. A full account 
of these investigations has been given by I. Langmuir and K. T. Compton 
in an article 44 Electrical discharges in gases ” published in two parts in the 
Renew of Modern Physics, Vol. 2, No. 2, p. 123 and Vol. 3, No. 2, p. 191. 

19. Nature of the Cathode Ray Discharge.—The above 
investigations throw important light on the nature of discharge 
phenomena at low pressures. At some definite pressure and at a con¬ 
stant difference of potential, a steady current flows between the 
electrode's. Thus the motion of ions is continuously taking place in 
a discharge tube, and in the absence of any other external source of 
ionisation, the ions must be produced constantly by the process of 
collision of positive and negative 4 ions with gas molecules. Blit 
how is the* action sot up? Supposing the action to be initiated by 
cathode particles, how do the latter originate ? To decide* this point, 
a series of experiments were performed by Villard.* It is well 
known that the electric field near the cathode is very strong. 
According to VillaixPs theory, the positive ions, near the cathode 
acquire very great velocity in the intense electric field, and they 
impinge on the metallic cathode with great momentum, resulting in 
the emission of cathode rays or electrons from the cathode itself. 
On account of strong repulsion, the cathode particles are now thrown 
forward with high velocity and they produce ions by collision in 
course of their fast motion. The electric field in the region beyond 
the cathode is considerably weak, so that the positive ions are 
accumulated here in large* number. The accumulation of positive 
ions near the negative electrode maintains the strong electric field 
near the cathode and accounts for the cathode fall of potential over 
the Crookes* dark space. 

Now it has been seen that the distribution of the electric field 
over the region between the cathode and the anode is not uniform, 
the brightest parts of the discharge being in general places of 
weakest fields. This will cause non-uniformity in the production of 
ionisation, In regions of strong field, there will be intense ionisation, 


* Villard, Journ. de Physique , (3) 8, 1, 1899. 
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while, in places of weak fields, ions will accumulate and there 
will be no appreciable ionisation by collisions. These conclusions 
are in excellent agreement with the results of experimental investiga¬ 
tions of the distribution of the number of ions along the path of the 
discharge, as already stated, that is, the points of maximum concen¬ 
tration of ions are those which correspond to minimum fall of 
potential. It is generally believed that the regions in which ionisation 
by collision takes place are marked by luminous effects, while dark 
regions are characterised by absence of appreciable ionisation. This 
accounts, in a general way, for the appearance of bright and dark 
spaces in the discharge tube. It is quite possible that the physical 
processes giving rise to striations (at low pressures) are but repeti¬ 
tions of those occurring in the Faraday dark space. 

We shall now turn our attention to the study of Cathode Particles. 

20. Nature of the Cathode Particles. —Sir W. Crookes* 
early realised that these cathode particles were something much finer 
than the atoms, and gave to them the rather imposing name of p?'o- 
tyles or the fourth state of matter . But their real nature was not 
elucidated till long afterwards ; and very often gave rise to heated 
controversies. The following are the chief observations which led 
to final elucidation of their physical nature : 

(1) The cathode rays are foimd to produce a bluish phosphores¬ 
cent light on screens made of Willemite, which is a sulphide of Zinc. 
Such screens are often used to detect their presence. The side of 
the cathode ray tube away from the cathode is often impregnated 
with these substances, and the pencil of cathode rays is limited by 
a number of perforated diaphragms. (See description of the Braun 
tube, Fig. 8.) In the earlier experiments, observations were carried 
without any diaphragms. 

(2) They travel in straight lines (Goldstein). 

This can be easily demonstrated by holding a sheet of aluminium 
in the path of the cathode ray stream in a Braun tube. A sharp 
shadow of the sheet is thrown on the opposite wall of the tube. 

(3) They arc deflected by magnets (Pliicker). 

This can be easily shown by holding a bar magnet near the tube 
(Fig. 8), when it is found that the luminous spot shifts its position. 

(4) They possess considerable momentum and energy. 


* W. Crookes, Phil Trans ., (1879—1885). 

F. 7 



50 


THE ELECTRON 


[H 


This is readily shown by inserting a light frictionless aluminium 
wheel set on a smooth rail in the path of the cathode rays. The wheel 
begins to move with the cathode ray particles under their impact. 


This property of cathode rays is very often used for melting very 
refractory substances in modified forms of the discharge tube known as 
cathode ray furnaces. The refractory substance is placed in a crucible of 
magnesia or silicia, and placed within the discharge tube in such a way 
that the beam of cathode rays can be directed on it. As the rays are 
stopped, they deliver their whole energy to the refractory matter which i 
thereby heated and ultimately melts * 


Cathode 


(5) They can pass through thin sheets of matter. 

This property was first discovered by Lenardf who showed that 
if one end of a cathode ray tube (sec Fig. 6) is closed by a thin 
diaphragm of aluminium, the rays can still be detected outside. This 

property, instead of helping in 
the elucidation of the problem, 
gave rise to the erroneous view 
that the cathode particles were 
a kind of electro-magnetic waves 
like light or the waves used in 
wireless telegraphy. 

(6) They carry negative charge 
and are deflected by an electrostatic field. This property of cathode 
rays was demonstrated by Perrin in 1895 in the following manner. 


Aluminium - 
window 


nr 



Anode 


Pig. 6. Lenard’s electron tube. 



Perrin t took a long discharge tube (Fig. 7) with its anode 
perforated longitudinally to open into a large glass tube. The latter 


* The refractory element tungsten (m. p. 3500°C) was first melted by 
this method. 

+ P. Lenard, Ann. d. Phys., 52, 23, 1894. 
t Perrin, C. R, 121, 1130,1895. 






§21] 


MOTION OF ELECTRONS 


51 


contained an insulated Faraday cylinder * inclined at an angle. A 
beam of electrons proceeding from the cathode was led through the 
anode. It was deflected by applying a suitable magnetic field, to 
pass into the Faraday cylinder. The latter was connected to a 
quadrant electrometer which showed a negative charge. 

Quantitative study of these electrical and magnetic deflexions 

led to determination of G - (ratio of charge to mass), and of the velo- 
m H 

city of these particles. 

The movement of an electron under the joint actions of electric 
and magnetic field is often conveniently studied in an apparatus 
known as the Braun tubcf (Fig. 8). 



A naiTow beam of cathode rays rendered parallel by the 
diaphragms Di, D 2 , is passed between two parallel plates which 
are connected to the opposite terminals of a battery. The beam is 
deflected by the electric field and falls on a willemite screen S , and 
is detected by blue’ phosphorescent light it produces on the screen. 
Now applying a magnetic field in a 
suitable direction, the behaviour of the 
electron may be observed on the same 
screen. 

21. Elementary Mathematical 
Treatment of Motion of Elec¬ 
trons. —Let the initial direction of 
motion be represented (Fig. 9) by the 
x-axis, and let the electric force be 
applied along the z-axis (vertical), rifr 9 

and the magnetic field be along the 

t/-axis (perpendicular to the plane of the paper). We first suppose 


* Faraday Cylinder: A’metallic cylinder used for collecting charges, 
f J. J. Thomson, Phil Mag ., 44, 293,1897. 


2 
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that the fields are applied separately, and then consider their joint 
action. We have thus three cases : 

{a) There is only an electrostatic field of strength Z. 

The particle is now subjected to a constant vertical force eZ and 

cZ 

therefore to an acceleration /==—-• At O it is projected horizontally 

m 

with the velocity v. The problem is therefore analogous to the flight 
of a particle under the gravitational field of the earth. The orbit is a 


2v 2 


2 mv 2 


parabola with the latus rectum / = ~r == with O as apex. It 

O 2 

can be analytically represented by x 2 = iJtr ^— z 


Analytically the equations of motion are 


d 2 x r . 
m ~df = eZ ' 

Hence ~ — const = 0, y 
at 


d' l x 

m ~dF " °* 


m 


At 2 


( 1 ) 


0, the motion takes place in the xz-plane. 


— — const = v, x = vt . 

At 

d 2 z eZ dz eZt t eZ. 2 

Tjo" *= — ' %*=t .—r 

dt 1 m At m m 


(la) 

(lb) 


Eliminating t between (la), and (lb), we have 

9 2 mv 2 


Ze 


( 2 ) 


This is the equation of a parabola with its axis along the z-axis. 
At the apex it can be replaced by its circle of curvature with the 
radius mv 2 /Ze. 

(b) The electron is subjected to a magnetic field of strength II 
applied along the y-axis. 

The action of the magnetic field on the moving charge is just 
equivalent to that on an element of current. The student has learnt 
in elementary electrodynamics that the force exerted by H on an 
element of wire As carrying a current i is ids sinOH\ where 0 is the 
angle between i and H , and it is perpendicular to both. In the 
present case, the charge 4 e 9 moving with the velocity u in the xx- 

plane is just equivalent to a current — and the force on it =» 9 

c c 

and this force is perpendicular to iJ, therefore it is in the xx- plane, 
and it is always perpendicular to the current, i.e., to the trajectory. 





§21] 


MOTION OF ELECTRONS 


53 


It is known from dynamics that under these conditions, the 
trajectory is a circle of which the radius can be found from the 
relation 


mu 2 

r 


: force = 


Heu 


or 


muc 
r “ lie 


(3) 


u = initial velocity = v* 

{e) When both electric and magnetic fields act simultaneously, 
the orbit will be more complicated. A treatment of this general case 
will be found in J. J. and G. P. Thomsons’ Conduction of Electricity 
through Gases. There it is shown that the orbit is a cycloid 
or a trochoid, but for all practical purposes, we can deduce correct 
results from experimental works by assuming that they act separately. 

Suppose now in the Braun tube, we first apply the electrostatic 
field Z, and observe the deflection. Then we apply the magnetic field 
and bring the spot back to the zero point. The radii of curvatures p 
of the two trajectories will then be equal and opposite. We have 



mvc mv 2 


... .(4) 


eH ~ Ze 

— P ... . 

from which 

v Z 1 

c' II | 


. . . .(b) 

and 

e _ Zc 
me pH 1 . 



• . e 

These formulae give us — as well as r. 

me 


J. J. Thomson * employed equation (5) to determine — and v for 

the negative ions of a number of gases. The results of these first 
determinations were, however, not very accurate. He obtained a 

mean value of — ** 77 X10*, and observed an approximate constancy 
me 

of — for all the gases examined by him. This value of — is, as 
me me 

we know now, too low. It is found that except in some exceptional 

cases (vide § 29) 

— “V77X10 7 .(5o) 

me 


* J. J. Thomson, Phil. Mag., (5), 44, 293,1897. 
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while — may have all values from 3off to nearly unity. This value 
c 

of — was first obtained by Kaufmann in 1897. 
me 


£ 

22. Kaufmann’s determination of —.—We shall see in 

me 

Chap. Ill that when a, particle of mass m and charge e traverses a 
distance x through a transverse magnetic field 77, it suffers a deflection 
« d x 

&= — f[ f Hdx 1 dx = — K\ .(6) 

mv J J rnv 

o o 

where d = distance of the screen from the origin. The quantity 
under the integral sign depends only on the value of the applied field 
and the geometry of the apparatus and may be taken equal to a con¬ 
stant K\. The corresponding deflection due to an electric field JiTs 


8 ' = ^ / [ f Edx ] dx 




(7) 


If the direction of H is parallel to that of E, the deflection 8 will be 
at right angles to S'. 

Kaufmann applied this theory directly to the determination of 


JL 

mc 


He performed two sets of experiments, one of which we de- 


i 




Fig. 10 

Kaufmann’* Apparatus. 


scribe below. 

The principle of Kau final ill’s* 
earlier experiment is illustrated in 
Fig. 10. C and A are the cathode and 
the anode of a discharge tube, between 
which a difference of potential V is 
applied. The anode is perforated at 
the centre, so that the cathode particles 
coming to A pass into the lower part of 
the apparatus. A strong magnetic field 
H is applied over the region from A to 
P by means of solenoid SS in such a 
way that lines of force are in the plane 
of the paper, but perpendicular to the 


* W. Kaufmann, Weid. Ann., 01, 544,1897. 
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direction of the discharge. On traversing the magnetic field the 
particles arc deflected normally to the plane of the paper. If 
8= deflection, we have 


8 


He 

mv 


Kx 


( 8 ) 


P is a photographic plate, and 8 can be measured from the trace of 
the deflected beam on it. Again assuming the velocity v to be 
acquired under a total fall of potential F, we obtain 

Ve = i mo % .(9) 

This assumption is valid, if the loss of energy by molecular collision 
is negligible. This was found true at low pressures, as the same 
amount of deflection was produced with different pressures of air in 
the discharge tube. From (8) and (9) 


2F6 2 . 
H 2 AY 2 


( 10 )' 


The integral in equation (6), and hence the constant AY was deter¬ 
mined by careful investigation of magnetic field between A to P. By 


this method Kaufmann obtained — = 1*7 7X10 7 for cathode rays. 

me 


23. Maximum Velocity of Electrons. —In a discharge tube, 
the velocity of the electron is really determined by the potential 
difference between the cathode and the anode, according to the law 

i mv 2 = eF.(9a) 

i.e.y kinetic energy acquired by the cathode particle is equal to the 
work done as it falls through a potential difference V. 

V 2eV /2Xr77X10 7 X3X10 r ° Jv 
m ^ 300 

when the potential is expressed in volts, for, 1 volt = e. s. unit. 
Therefore 

v = 5*92X10 7 V V cm./sec.(11) 

This formula holds as long as v < c, the velocity of light ( vide § 28 ). 

All cathode particles do not possess the velocity given by (6), 
because some originate in the middle of the tube, others lose 
velocity by collision. The velocity given by (6) represents the 
maximum velocity attainable in a discharge tube. 
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Again, when subjected to a magnetic field H, the path of 
the electron is p, given by equation (4) as 

m .(12) 

c 

The product of maximum velocity given by (9 a) and Hp is 
therefore a measure of kinetic energy of the electrons. The velocity 
and kinetic energy of the electrons corresponding to given differences 
of potential are shown in the following table taken from Graetz's 
Havdbuch der Eleetrixitat mid Magnetistmts, Vol. Ill, page 135. 

Table 1. 


Potential (Volts). 

! 

Velocity x 10" 8 
(cin. sec.- 1 ) 

H P 

Kinetic energy X 10 12 
(ergs.) 

05 

0-418 

2-39 

0785 

10 

0592 

338 

1-57 

20 

0836 

4-78 

314 

30 

1-025 

5-86 

471 

4*0 

1-183 

676 

625 

5-0 

1-323 

756 

7-85 

60 

1-449 

8-28 

912 

7-0 

1-566 

8-95 

101 

8-0 

1-673 

956 

126 

9-0 

1-775 

10-14 

14-1 

10‘0 

1-871 

10-69 

15-7 

200 

2646 

1512 

31-4 

ioo-o 

5-920 

33-80 

157-0 

3000 

10-250 

58-60 

471-0 


For laboratory methods of determining — see Appendix, 
Note 2. 


24. The Elementary Quantum of Electricity. —The for¬ 
mula (5) gives us the ratio between e and m. Unless we can 
find out either e or m separately, no further progress in the study 
of the electron is possible. We shall describe in the next section 
how e ’ has been determined. But before this was done, it was 
found that the cathode particle, though it was first isolated in 
such an artificial medium as a vacuum tube, is in itself not so 
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rare, but is given out in almost all chemical and physical processes. 
Thus it was early observed that when a body was heated, it could 
discharge an electroscope placed in its neighbourhood. It is now 
known that all bodies, when they are sufficiently heated, emit 
electrons which make the air near it conducting and help in the 
discharge of electroscopes. (This phenomenon is treated under 
Thermiotdcs.) 

It was found in the last century that when a metal plate 
is illuminated by ultraviolet light, an electroscope placed in its 
neighbourhood gets easily discharged and the plate, if insulated, 
is found to be positively charged {Halltracks). This has been 
proved to be due to the liberation of electrons by light (photo - 
electrons) from the metallic plate. In all these and other cases, 
e.g., radio-actirity, chemical reactions, the nature of these negatively 
charged particles has been studied by using the method described 

here and — has always been found to have the value given by 

All these considerations point out that the cathode particle or 
!he electron is a tndrersai constituent of ail matter. 

25. Mass of the Electron. —Before the charge on the electron 
was measured with any certainty, some physicists had come to 
the conclusion that the fundamental quantum of electricity, as 
we obtain in electrolysis, is identical with the charge carried by 
the cathode particle. On this assumption we can compare the 
mass of the electron with that of the hydrogen atom. Thus we 
have from electrolysis 


XT„ 

— « mm .(13) 

c 

where e = charge carried by a monovalent ion, say H + , and 

Km n =1. 

e 

Hence —- = 9645 c.m. units. 


For the cathode particle — = T773 X 10 7 c.m. units, 
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Supposing that e H — e , we have 

m 964 5 __ 1 

mi H “ 1 773X10 7 “ 1847 

Thus the electron is found to be nearly 2000 times lighter 
than the smallest atom known up to the year 1896. 

But the hypothesis that the charge on tin* cathode particle 
is equal to the charge carried by monovalent ions in solution 
required confirmation. 

26. Determination of the Charge on the Electron— 
Millikan’s Method. —The measurement of the charge on the 
electron proved to be a rather long and protracted affair, and we 
shall omit here the account of the earlier historical experiments 
earned out at the Cavendish Laboratory by Townsend, J. J. Thomson, 
H. A. Wilson and others. A short account is given at the end of the 
chapter. We proceed to the description of Millikan's* experiment 
which proves that electricity produced by friction on very small 
particles always occurs in integral multiples of the elementary 
quantum e=z4*774X 10~ 10 e. s. units. 

The essential parts of the apparatus (Fig. 11) are two plane para 11 . ! 
plates of brass M and N forming a parallel plate condenser and separ¬ 
ated by a distance of O'5 to 0’8 cm. One plate is connected to earth, the 
other charged to a high-potential which may \Si as large as 1000 volts. 
There is thus a vertical electrostatic field in the space between M and N. 
A is an atomiser containing oil which opens over the vertical orifice 
P in the upper plate ; when the atomiser is blown, small particles 
(10~ 2 cm. in diameter) of oil enter into the condenser space through 
P. In the process of atomisation, they are charged with electricity 
by friction. In the condenser space they are subjected to the vertical 
forces (i) gravity =^mg, (2) electrical force =qZ, where q~ charge, 
field strength. The electrical force can be made to oppose the force 
due to gravity by manipulating a reversing key. The particle is 
illuminated from the sides by means of light coming from a strong 
source (a high power glow lamp), and focussed exactly on the centre 
by lenses. The oil drop is then observed by means of a small tele¬ 
scope provided with three horizontal cross-wires. The drop appears 


*R, A. Millikan, Phys. Rev., 2, 136,1913. 
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§ 26 j 

as a luminous point in the field of view, and is seen to go up or down, 
and the velocity can be reduced to any small value by adjusting the 





FI*. 11. Millikuti’.i apparatus. 


field strength. The charge can now be deduced from these observed 
velocities in the following way :— 

Since the particle is moving in a viscous medium, the force F 
required to maintain it in motion with the steady velocity v is, 
according to a fundamental theorem by Stokes,* 

F = 6 na\\.v .(14) 

where p = coefficient of viscosity of the medium, a = radius of the 
particle. Let = velocity when an e. s. field Z is working on the 


particle urging it upwards. Then we have 

6 jtajjiri = e n Z-mg .(15) 

6 == rug .(16) 


when v 2 = velocity of free fall when the electric field is not applied, 
and c H = charge on the particle. 

From (15) and (16), we have 

vi+v 2 = e n Z , 17 v 

v 2 mg . 


* For the deduction of Stokes* law from hydrodynaniical principles, 
see Lamb, Hydrodynamics , Chap. XI, § 338, . _ 
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Now c H can be obtained if m , the mass of the oil drop, can be 


known. 

Generally the oil drop is so small that its mass can be obtained 
only indirectly. This can be done from (16). Let p be the density of 
oil, and or the density of air. We have 


from which 
and 


4m :t / n 
—g (p - v) 


6 Ka\im 2 — mg 

a = ( ^ ’ neglecting a in comparison to p. 

4tc / ttp \s <7 , 1tt \ 

3 ' 2flT/ 2"(p_ 0 )l . U8) 


Sometimes the particle under observation may pick up new 
charges from the neighbouring air. This is particularly facilitated if 
the air is ionised by X-rays, or by the presence of a speck of radio¬ 
active matter in the lower condenser plate. Let be the new charge, 
and let the particle now move with the velocity v \. 

Then we have 


c 


H 


>»SL .(... 
v, Z { 1 


+ I'i) 


( 10 ) 




( 20 ) 


We have now 


Now 




,, d 

1 h ' 




where d — distance between the crosswircs, t\ = time of passage be¬ 
tween the two wires. 

Now if e,/ - c n — pe, where p is an integral number, we have 


_ 1_ Zv 2 
t’ t x mgd 


. ( 22 ) 


i.e. 


the differences — - will be integral multiples of a common 
h h 


factor. That this is the case is shown in the following table, adopted 
from Millikan’s “ The Electron Chap. IV, p. 75. 
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Table 2 


h 

(Sec.) 

t'i 

(Sec.) 

1 

1 

t'\ 

4b l) 

P 

p\t’y tj 


223661 






80708 

22-390 \ 
22-3681 

•01236 

04 470 

03234 

6 

005390 

22-3661 
22-390 ) 
22-3681 

140*565 

•04470 

•00719 

03751 

7 

005348 

1407>65 

79600 

•007192 

*01254 

005318 

1 

005348 


347481 






79600 

347621 

34-8461 

*01254 

•02870 

01616 


*005387 

847481 
34 762 t 
348461 


•02870 

... 

... 

... 

... 

292861 
29-236 / 

137-308 

03414 

l 

•007268 

•026872 

5 

•005375 

137-308 

34638 

•007268 

02884 

021572 

4 

•005393 

34-638 

22-1041 

22-268/ 

•02884 

04507 

01623 

3 

•005410 

22-104) 

22-268/ 

500-1 

•04507 

•00200 

•04307 

8 

•005384 

500-1 

19-7041 
19-668/ 

•00200 

05079 

•04879 

9 

005421 

19-7041 

19668/ 

77830 

77-806 

•05079 

•01285 

•03794 

7 

•005420 

77-8301 

77-806/ 

42-302 

•01285 

•02364 

•01079 

2 

"005395 

42-302 

... 

•02364 

... 

... 


... 


27. Ehrenhaft’s Hypothesis of Sub*electrons. —Ehrenhaft* 
carried out the same kind of experiments as Millikan did, but with 
particles of a much smaller size. These particles were formed by 
blowing a draft of air against an arc maintained between metallic 


* Ehrenhaft, Phys. Zeits., 11,619, 940,1910. 
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electrodes. Very small particles from 10" 4 to 10"** cm. in diameter could 
thus be obtained. Ehrenhaft did not find consistent values of the 
elementary charge as Millikan did, but his values were very often 
much less than Millikan’s value of e. He was led to the conclusion that 
“ sub-electrons, ” or electrical charges less than that carried by electrons 
exist. 

Ehrenhaft’s hypothesis of sub-electrons did not find much credence 
amongst the physicists, and Millikan*, Barf and others have pointed out 
that his results are due to two sources of error in his experiments:—(i) on 
account of the extreme smallness of the particles, their sizes cannot be 
determined by an application of Stokes’ Law, for this holds only when 
the size of the particle is large compared to the mean free path of the 
gaseous molecules amongst which the particle is moving. In Ehrenhaft’s 
case the size, 10" 5 and 10“ cm., is of the same order as the mean free path, 
viz., 10" 5 cm. In such cases, the apparent value of the viscosity has to be 
corrected according to a formula given by Cunninghamt. This is 


H - 


Ho 
1 + A~ 


(23) 


where p = corrected value, and ordinary value of viscosity, A - a 
constant, ami l — mean free path of molecules. This gives at once the 
corrected velocity 

-,-!fV.>(i + ^) . m 

Hence the absolute value c„ in terms of the apparent value e H{ is given by 


or 



(25) 

(26) 


To apply this correction, a large series of e-values for different 
values of — are experimentally obtained by varying either the pressure or 

Cb 

the size of the drops. A graph is then plotted with ~ as abscissa, where 


* R. A. Millikan, Phys. Ztits., 12, 161, 1911; Phys. Rev., 82, 394, 
1911. 

f R. Bar, Ann. d. Phys ., 67, 157,1922. 
t Cunningham, Proc. Roy. Soc. A, 83, 360. 1910. 
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p = pressure of the gas, and ej as ordinates (Fig. 12). The graph 
becomes a straight line, from which both e„ and A can be obtained from 

the relation (26), using the conditions: (1) when -- = ft. e» = e . 

' nr\ 1 n r »* i 


-1 

(2) when = 0, A ■= - ^ j = 


1 

Ip 



1 

OB ‘ 


Introducing this correction, Millikan found that Ehrenhaft’s results 
gave more consistent values of e. The second source of error is due to the 
assumption that the atomised particles have the same density as the solid 
metal. It is quite probable that during arcing, the metal is oxidised, or 
becomes porous. 

A typical sot of data giving the absolute value of e is shown in the 
•following tabic 3 which has been taken from one of Millikan’s papers* 



Fig. 12 

These data are for oil particles in air, and correspond to the straight 
line in Pig. 12. 


* {t T A. Millikan, Phil Mag,, 34, 1, 1917 T 
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Table 3 


Number, j 

Potential 

(Volts) 

Time of 
free fall 
ti (sec.) 

? 

CM ® 

-'W 

dumber ! 
of free 
electrons 
n 

ax 10 

VH 

O 

O 6j0 

pa 

l 

a 

ejio" 

0 * 10® 

i 

6650 

1650 

0 06194 

7—13 

23-40 

74-49 

57-45 

004111 

63-21 

61-03 

2 

6100 

1676 

•06099 

8—11 

23-22 

75-00 

75-5 

04115 

63-204 

61-03 

3 

5308 

1973 

•05180 

7-15 

21-34 

74-49 

630 

04509 

63-54 

61-16 

4 

4132 

37-82 

*02703 

4—6 

15-33 

75-37 

867 

06205 

64-27 

6097 

5 

4661 

40 09 

•02521 

3—6 

14-84 

7500 

906 

06484 

64-63 

61-21 

6 

4111 

51-53 

•01983 

3-4 

13*05 

75-77 

101-3 

•06502 

6502 

6116 

7 

5299 

51-48 

•01985 

2-5 

1305 

74-98 

102-4 

•07329 

65-07 

61-20 

8 

6661 

5606 

•01823 

2—3 

12-50 

75-40 

1063 

07608 

65-13 

6111 

9 

6082 

59-14 

•01728 

1—4 

12-17 

75-04 

1097 

•07850 

6519 

61-05 

10 

4077 

57-46 

•01779 

3—8 

12-34 

75-67 

107-3 

•07680 

65-21 

61-16 

11 

4663 

16o8 

•06165 

10—12 

2272 

29-26 

150-6 

•10780 

66-70 

61-01 

12 

4661 

29*18 

•03502 

5-7 

17-08 

3661 

1601 

•1146 

67-12 

61-07 

13 

4687 

1881 

05432 

8—10 

21-26 

30-27 

155-6 

1114 

67-14 

61-26 

14 

4651 

47-65 

02145 

2-7 

13-20 

36-80 

206-4 

•1477 

68-90 

61-11 

15 

4648 

3272 

•03129 

4-6 

15-92 

31-35 

2007 

•1437 

68-97 

61-39 

10 

3393 

18-34 

•05572 

12-16 

21-11 

20-58 

227-8 

•1630 

69-88 

61-27 

17 

4669 

4682 

•02294 

2—4 

13-12 

29-10 

262-4 

•1878 

70-85 

6094 

18 

4691 

2662 

•03819 

5-7 

17-32 

20-54 

281-4 

■2014 

71-60 

60-98 

19 

3339 

14-10 

•07249 

15-19 

2300 

13-24 

321-4 

•2297 

73-34 

61-20 

20 

4682 

39-24 

•02605 

3-5 

14-00 

20*72 

345-4 

•2472 

74-27 

6122 

21 

3350 

18-30 

"05585 

10—13 

20-47 

13-62 

359-1 

•2570 

74-54 

60-97 

22 

3370 

43-88 

02329 

3—6 

13-17 

20-47 

371-5 

‘2659 

75-00 

6097 

23 

3381 

46-90 

•02179 

3—6 

12-69 

20-74 

380-6 

•2724 

75-62 

61-24 

24 

3345 

1965 

•05201 

9-12 

1965 

1312 

388-5 

•2781 

75-92 

61-24 

25 

3344 

2676 

03819 

6-9 

1657 

13-80 

438-3 

•3137 

77-74 

Mean = 

61-18 

:61-129 


The above values of e have been computed on the basis that the 
viscosity of air is p=0*0001824, and the absolute value of electronic 

charge corresponding to the mean value e = 61T26 comes out to be 

c =* 4774 X10” 10 e. s. units. 

Experiments have also been performed on droplets of mercury in 
air, and on drops formed out of shellac in air. Taking the 
average of a large number of data for a variety of substances, and 
calculating the most probable error, the value of the elementary 
quantum of electricity as obtained from Millikan's experiments is 

e = (4774±0’005)xl(r 10 electrostatic units, 
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ON THE ABSOLUTE VALUE OF ‘ e ’ 

27a. On the Absolute Value of e —Recently much controversy 
hus bwn taking place regarding the exact absolute value of the elementary 

g 

electronic charge e , specific electronic charge ~» and some other fundamen¬ 
tal physical constants, e.g ., Planck's constant h and others, which we shall 
come across later. 

R. T. Birge* * * § made a critical study of the different experimental 
methods, of methods of calculation and their probable errors in case of thirteen 
fundamental physical constants including the above. He recalculated 
their values by using the most up to date and reliaole values of all auxiliary 
constants , avoiding any approximate formulae, and taking weighted mean 
of values of the same constant obtained by different methods. 

Thus, as stated before, Millikan's value of electronic charge is 

c —(4*774 .4:0*00 r>) x 10“ 10 e. s. units. 

This was calculated on the basis of the following values : viscosity of 
air [i =0 0001824, and c=* 2*999 X 10 !<l cm. sec.“ *. Birge recalculated it, taking 
\i = 0*00018227 (value of 1917-determination), Michelson's*j* value of 
velocity of light, c = (2*99796dr..0*00004) x 10 KI cm. sec.- 1 , and recalculating 
all electrical quantities in international units, he obtains 

e = (4*768 ± 0*005) x 10" 10 e. s. units 

In recent years, other independent methods for the accurate determina¬ 
tion of e have been developed. These are based upon the relation (see 
appendix) i\fa=9648_4-0'7 e.m. units of electricity, where N stands for the 
Avogadro number. N has been determined accurately { i) from an estimation 
of lattice constant of crystals by Wadlundt (ii) from the absolute determina¬ 
tion of the wavelength of K a line of On, (iii) by Baeklin§, from that of 

line of A1 and (iv) by Bearden§§ from K and lines of Cu. Their 
values of e are as follows: 

Wadlund. ,>= (4*776 i0*0003) X 10“ 10 

Back]in . e = (4*793 ±0*015) X10" 10 

Bearden . e — (4*825 ± )xl0“ 10 

* R. T. Birge, Phys. Per. Suppi , 1, 1, 1920. 

f A. A. Michelson, Astr. */., 65, 1, 1927. 

t A. P. R. Wadlund, Pror. Nat Acad. Sci., 14, 588, 1924; Phys. 
Per., 32, 841, 1928. 

§ E. Biicklin, Absolute 1 Wellenldngenbestimmungen der Rontgen 
Strahkn , Upsala Dissertation, 192S. 

§§ J. A. Bearden, Proc. Nat Acad . Sci., 15, 528, 1929, 

F. 9 
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Birge considers the last two values much too high, and holds that 
being pioneer works, they are open to unsuspected errors, and rejects them. 
Taking the weighted mean of Millikan’s and Wadiund's values, he gives 
the most probable value of the electronic charge as 

e=(4*770±0*005)x 10* 10 e. s. units 
=(r5910i:0 , 0016)xl0" 20 e. m. units. 

W. N. Bond,* on the other haml, has started discussions on the values 
of the fundamental constants from an entirely different point of view. It 
had been long suspected that some primary relation exists between the 
fundamental constants c, c and h. Attacking the problem by the method of 


he 

dimensions, it is found that the product is a pure number, the same 
quantity occurs in Sommerfeld’s fine-structure constant (Chap. VII) as 
a = - Eddington f has obtained from considerations of quantum 


mechanics that 


he, 

2Jte 2 


= 137. 


(27) 


Bond starts his calculations of e and h on the supposition that Eddington’s 
relation is correct. 

Birge has pointed out that the determination of Planck’s constant h 
from any experimental data is equivalent to the estimation of a constant A 
in an equation of the form 


h = A e v 


where n has the values 1, I J, 1J, 2, etc. . . 
Thus in Eddington’s relation 


A - —.137 
c 

n — 2 


. (27a) 

according to the method used. 


Now if we choose any particular value of A permanently, and can assign 
to e its correct value, then since the values of h given by different methods 
should be fundamentally the same, we hope to obtain a value of h from 
equation (27a) which will not vary systematically with the value of the 

index n. Bond has chosen A -- 7 -• 137 and by trial has found that 

c 

the particular value of e, for which the ^-values corresponding to the different 


♦ W. N. Bond, Phil . Mag., 10, 994, 1930. 
f Eddington, Proc , Roy. Soc. A , 126, 696, 1930 ? 
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values of n lie un symmetrically about a mean value of h. This method 
gave him the following values for e and h 

6=(4-779±0-0017)x 10' 10 e. s. units. 

A=(6-559±0-0046) X 10' 27 erg. sec. 

Further, from this consideration, Bond finds no justification for reject¬ 
ing Backlin’s and Bearden’s values of e, as Birge has done. It will be 
noticed that Bond’s value of e calculated on the assumption of Eddington’s 
relation is nearer Backlin and Bearden’s values than Millikan’s. The 
two sets of values, however, are widely different, which leaves the situation 
very uncertain. 


28. for very swift 
me 

electrons — Kaufmann’s 
experiment. —It was found 
by Kaufmann* that for very 
swift electrons, such as (3-rays 
from RaC, which are projec¬ 
ted with velocities nearing 
the velocity of light the value 

p 

of — was not constant, but 
me 

decreased rapidly. In one 
of Kaufmann’s exx)eriments, 

p 

— was found to have as 
me 

small a value as 1*1X10 7 
e. m. units. We describe be¬ 
low Kaufmann’s experiment 
which led to this important 
discovery. 

The apparatus used is 
shown in Fig. 13. 

R ... is a small speck of 
Ra within a vacuum chamber. 



Fig. IS. Kaufmann’s apparatus. 


P, P... are a pair of plates about 1’5 mni. apart. A difference of 
potential of about 6700 volts is applied across them. 


* W. Kaufmann, Goltingmer Nachr., 1901—1903; Ann. d. Phys 
19, 487, 1906. 
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to 

D... is a diaphragm in front of the space between P, P. 

L... is a photographic plate, situated perpendicular to the plane 

of P, P. 

N, S... are the poles of a strong electromagnet giving a magnetic 
field over the region from the source R to L. 

p-rays from Ra pass between P, P and are acted on by the electric 
field. They are led out of the plates through D and finally strike 
the photographic plate L. During the whole of the journey from 
R to L, the rays are acted on by the magnetic field whose lines of 
force are parallel to those of the electric field. At the beginning of the 
experiment, both the fields are withdrawn, and a spot corresponding to 
the direct beam is obtained on L. Then the fields are applied and 
the particles are deviated. The two deflections are at right angles to 
each other, the electric deflection being parallel to the plane of the 
paper, and the magnetic deflection above or below the plane. They 
can be both found from the positions of the deflected and un¬ 
deflected traces on L. These have been expressed in (6) and (7) as 

(l X 

*-£/[/«**> 

0 0 

<i x 

0 0 

which give both v and —. Thus each point of the trace on the 

me 

(> 

photographic plate gives — corresponding to a definite velocity v. 
A few of Kaufmann’s results are shown in the following table 

which clearly indicates a variation of — with v. 

me 

Table 4 


—10 

ex 10 

— XlO 
me 

2-83 

•63 

2*72 

•77 

2-59 

•95 

2-48 

1-17 

2-36 

1-31 
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Since (3-rays from RaC possess velocities almost up to the velocity 
of light, the deflected points will be distributed on a continuous curve 
on the photographic plate reaching almost the origin. If again, the 
electric field be reversed during the experiment, a second branch of 
the curve will be produced, which is the image of the first correspond¬ 
ing to the points of equal and opposite electric deflections. It easily 

follows that if — were constant for all (3-rays, the two branches 

of the curve (Fig. 14a) would 
meet, and have a common tan¬ 
gent at the undeflected point. 

The experimental curve is 
shown in Fig. 14 (b) which 
clearly shows that the two bran¬ 
ches do not touch. The obvious 
conclusion from this result is 

g 

that — depends upon the 
me 

velocity of the particle. 

It was pointed out by Kaufmann and J. J. Thomson that these 
results can be explained by assuming that while c remains constant, 
m , the mass of the electron, is not constant, but varies with the 
velocity. Various expressions have been found for the variation of 
the mass of the electron with velocity. According to Abraham, the 
electron in motion behaves as a rigid sphere. On this hypothesis of 
rigid electrons, Abraham* obtained the following formula for the 
variation of mass with velocity. 



where m 0 =rest-mass, p= —• According to Lorentz, a contraction 

c 

occurs in the dimension of the electron in the direction of the motion 
in the ratio \/l - (3 8 : 1. On this hypothesis of contractile electrons , 
Lorentz* obtained the following expression for the variation of mass 
with velocity 

(29) 


* For the derivation of Abraham and Lorentz-formulae, see Lorentz, 
Theory of Electrons , Chap. V. 


m 


m 0 


Vi-5 
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This expression was also deduced independently from the prin¬ 
ciple of Special Relativity by Einstein, and is generally referred to 
as the Lormtx-Eimtein* formula . 

A large number of experiments were carried out by Bucherer, 
Guye, and others to decide between the two rival formulae. The 
Lorentz-Einstein formula was found to be correct. We describe 
below Bucherer^s experiments. In this, the method of crossed fields, 
explained in greater detail in Chap. Ill was used. 

29. Bucherer’s Experiment. —The main purpose of Bucherer’sf 
experiment, as stated above, was to decide between the -Abraham 
rigid electron and the Lorentz contractile electron . The experi¬ 
mental arrangement used for this purpose is shown in Fig. 15. 
A parallel plate condenser with two circular plates A, B very close to 
each other was taken. A small speck of RaF was placed at R, the centre 
of the lower plate. The condenser was connected to opposite 
terminals of a battery, and the whole was placed inside a co-axial 

cylinder C D which was eva¬ 
cuated. The cylinder was 
kept between the poles of a 
rectangular solenoid, so that 
the magnetic lines of force 
were parallel to the plates 
of the condenser, and per¬ 
pendicular to the plane of 
the paper. A photographic 
film was inserted all along 

On withdrawing the magnetic and electric fields, at first 13- 
particles from RaF were ejected in straight lines between the 
plates, and struck the photographic film so as to produce a complete 
circular trace on it in the plane of the condenser. Now suppose 
the fields are applied. Let a particle start with a velocity v in a 
direction 6 with the magnetic field. If the magnetic and electric 
fields are not properly compensated, it will be arrested by either of 

the plates A, B. It will be able to pass out of them, when the fields 

have satisfied the condition *“ ~ 

Xe *® Eev sin$c . (30) 

* Einstein, Ann . id, Phys . F, 17, 1905. 

f A. H. Bucherer, Ann. d. Phys . 1V> 28, 513, 1909. 



ns. 15. Arrangement* of Bucherer'* experiment. 

the circumference of the cylinder. 
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Thus a particle escaping in a direction 0 possesses a velocity 

X 


■ 


or 


P 


// sin b 

X 


(31) 


r H sin 0 

In Bucherer's experiment, the electric and magnetic fields are 


so arranged that = J , so that 


sin e “ .( 32 ) 

What happens when a (3-particle comes outside the plates ? Here 
a particle is acted upon by the magnetic field alone, and is deflected 
in a spiral path, and strikes «the cylinder at a distance x, below the 
circular trace. We can get an idea of x, the amount of deflection 
for different particles coming out in different directions as follows. 
From the relation (32) we have, when 


<9=30°, (3=1, v=c, x =0 

jt 

0=—, (3=1, 2 ==maximum 

6=1 50°, p=l, v=c, *=0. 

For, the radius of curvature of the deflected path is proportional 
to the mass of the particle, which becomes infinite when v=c. Hence 
the particle travels undeflected ; in other words, in the directions 
of 30° and 150°, the particles directly meet the undeflected circular 
trace. The particles suffer a maximum deflection in a direction 
midway between them, that is, at 6 = 90°. In other directions, the 
deflections have intermediate values. No particle can escape from 
between the plates in a direction for which 6 lies outside the range 
30° and 150°. For when 0>15(f or 6<30\ r>e, which is an 



Fig. 16 

Trace* of the electron In Buoherer*s experiment. 


impossible velocity for any material particle. On unrolling the film, 
the traces show the appearance given in Fig. 16. The central 
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line corresponds to the undeflected circular trace, and the deflected 
traces corresponding to the applications of direct and reversed 
fields are on either sides of it. 

At the point corresponding to the maximum deflection, the path 
of the particle is circular, so that we eau calculate the radius of 
curvature r in terms of %. If r be the radius of curvature-of the circle 
and a the distance between the photographic plate and the nearest 
end of the condenser we have 

* = _«■ 

2 

\\ r e therefore get n -~~~ Her or m = ~~~ ^ + \ j 

Using the Lorentz-Kinstein formula )n m Q (l —(3 2 ) 2 we obtain 


e 2v _ x _, _L_ 

nf 0 ~ II a* + z* v 7 l -“p 2 

“>/'(?Ti r ) tau (sin_,p) . m 


Since (3 = i, hence ten (sin 
formula 



We have using the Abraham 


nt 


3 mo r 

4 p L 




J ^ 2 < \ r _3 

w 0 H (a+S) Up 


25 —tan h 2 5 
tan 26 



where 6 = tanh“ l $. 

Thus the absolute values of — can be calculated from the 

experimentally observed maximum deflections corresponding to 
different values of P by means of the formulae (33) or (34). The 
relative constancy of the values calculated from the two formulae 
allows to decide between them, The data obtained are shown 
below; 
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Table ;7 


K- 

II 

{gauss) 

s (min) 

— • 10‘ 7 
me 

(Loren tz) 

• 10~ 7 

1 me 

; (Abraham) 

*3178 

104*55 

10*37 

1*752 

1*726 

*3787 

11578 

14*45 

1-761 

1*733 

•4281 

127*37 j 

13*50 

3*700 

1-723 

*5154 1 

127*55 ! 

10*18 

1*703 

» 1*700 

5154 

127*55 

10*35 

— 

; _ 

*0870 

127*55 

0*23 

1*707 

1*642 


The above results show that the Lorentz-Einstein formula agrees 
closely with the experimental observations, while the values calculated 
from the Abraham formula do not satisfy the experimental values. 

30. Early Determinations of e. —The earliest determination of 
the absolute value of the electronic charge was due to Townsend* in 1837. 
Ilis experiment, though not very accurate and based on assumptions not 
quite free from objections is interesting, as it utilised practically all the 
principles underlying all subsequent accurate determinations of e. 

It is well-known that the gases liberated during electrolysis at the 
two electrodes of a voltameter carry electric charges of positive and 
negative signs with them. Townsend showed that when these gases were led 
into a chamber saturated with aqueous vapour, they formed a stable cloud 
in the chamber due to the condensation of water vapour round the ions. 
On standing, the cloud was seen to settle slowly under the force of gravity 
with a constant limiting velocity. He assumed that each cloud drop 
was formed round a single gaseous ion, and observed the limiting velocity 
of fall of the cloud-top by means of a microscope. From this he 
calculated the radius of v single drop by using Stokes’ law 

. (:{r,) 

where p = density of water, o = density of the gas, t| = viscosity of the air, 
and a = radius of each drop. The mass of the single drop m was then 
calculated from the relation 



* Townsend, Proa. Com . Phil Soe ., 9, 244, 1897. 
F. IQ 
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Now the cloud was completely absorbed in bulbs of known weight con¬ 
taining drying agents like concentrated sulphuric acid. Iho increase of 
weight of the bulbs gave the mass of the whole cloud M. Thus we obtain 

, , , . M 

the number of waterdrops forming the cloud, vtn — m . 

Finally, the total charge carried by the cloud was measured by 
means of a quadrant electrometer. If E be the total charge, the charge on 

JP 

each gaseous ion is given by e = Townsend obtained by this method, 

values of e ranging from 2*4 X 10’ 10 e. s. units, to .Tl x iO“ lo e. s. units 
with ions of different gases. 

The main sources of inaccuracy in the above experiment are the 
assumptions:— 

(1) That each drop was formed round a single gaseous ion. 

(2) That the drops were all of the same size. 

(3) That the continuous evaporation of the drops had no effect on the 
mass of the drops. 

(4) That Stokes’ law of free fall was valid for such small droplets. 

(5) That the velocity of the drops was not disturbed by convection 
currents in the gas. 


J, J. Thomson’s Experiment. 

The next attempt for the determination of e was due to Sir J. J. 
Thomson* in 1898. His method closely resembled that of Townsend, 
except that a different method for the formation of cloud was adopted. 
He used, in fact, C. T. R. Wilson’s cloud chamber (ride Chapter 1). 

The charged ions were formed in the cloud-chamber itself by some 
ionising agent, such as X-rays. The mass v of a single droplet was 
calculated by precisely the same method as by Townsend. The total mass 
of the cloud was calculated from observations of the temperature of 
the chamber before expansion, and the minimum temperature attained 
during expansion. Let T u T 2 be the two temperatures and f>i and p 2 
the corresponding saturated vapour densities of water vapour. Then from 
the known volume of the chamber, the masses M\, U 2 of aqueous vapours 
saturating it before and after expansion are calculated. Now assuming 
that the excess of vapour in the lower temperature has condensed into 
cloud, the total mass of the latter is given by M\ ~ M 2 . Following this 
method Thomson obtained values of the electronic charge ranging between 
5.') x 10“ ,0 to 84 x 10“ 10 e. s. units. It will be noticed however that 


* J, J. Thomson, Phil. Mag., 46, 528, 1898 r 
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the main objections to Townsend’s method all existed in Thomson’s deter¬ 
mination, and moreover the value of total mass of the cloud was more 
uncertain here. 


Wilson’s Balanced Dkop Method 

Thomson’s method was ingeniously modified by H. A. Wilson* in 
1903, so as to eliminate some of the sources of errors. Firstly he placed 
inside the chamber two horizontal brass plates 3f> cm. in diameter and 
about 8 mm. apart. Waterdrops were condensed round charged ions 
between the plates as before, and the mass of the individual drops was 
determined in the same way by applying Stokes’ law. Secondly an electric 
field was then applied between the plates, the upper plate being connected 
to the positive potential and the lower plate earthed. The electric force 
thus created attracted the negatively charged drops upwards against 
gravity, and by suitable adjustment of the electric field, it was possible to 
balance the two forces and keep the drop suspended at any position between 
the plates. When this condition was attained, we. have the relation 

Xr = my .(37) 

where X = the applied electric field. Now in being known as before, e was 
easily calculated. The method was decidedly an improvement over the 
previous ones, as it avoided the uncertainties involved in the calculation 
of the mass of the cloud. Taking the mean of a large number of observ¬ 
ations, Wilson gave the final value of a to be 4‘77x 10“ 10 e. s. units. 

The method is, however, still open to tin? same serious objections as are 
mentioned under Townsend’s experiment, and they have been largely 
eliminated by the elegant improvement due to Millikan, described in §26. 

31. Dimensions of the Electron. —In the previous para¬ 
graphs, we have given an account of the experimental determination 
of the charge, and mass of an electron. Nothing has been said 
regarding its dimensions, except that we Lave implicitly assumed it to 
be a mere geometrical particle. lint the particle is merely the 
pure mathematician’s abstraction, it has got no other physical basis 
except simplicity to recommend it. From very early times, there 
has been a tendency to regard the electron as a spherical body 
of extremely small radius with either a uniform volume or surface- 
distribution of electricity. Such a picture cannot evidently be 
strictly correct, for the parts of the electron would repel each other, 


*H. A. Wilson, Phil Mag 5, 429, 1903. 
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and the electron would disappear in an explosion unless there be 
certain * hidden forces ’ balancing; the forces of repulsion. The 
conditions of stability of the electron have not yet been elucidated, 
but a number of results was obtained from classical electrodynamics, 
which were interpreted in interesting fashions. Some of these are 
given below in brief outline :— 

(I) All mass is electrical. 

Experiments described in >?§ 28, 29, have proved that the mass 
of the electron is not invariable but varies with the velocity according 
to (II, 29). To a physicist of the nineteenth century accustomed to 
regard the principle of conservation of mass as an absolute truth, 
this result would have appeared extremely strange. But the way 
was prepared by painstaking studies in classical electrodynamics. 
J. J. Thomson showed in 1885, that when an electrified sphere of radius 
a moves with the velocity v in a medium having the permeability 
|i, it creates in the surrounding space an e. m. field, whose strength 
varies as the velocity. On account of this field, there is a storage 
of energy which can be obtained by integrating the energy-density 
over the whole space. The additional energy was shown by J. J. 
Thomson to be equal to 


u _ - 

Tj 1 - >) 

>15 av 


(38) 


Thomson illustrated the apparent increment in inertia by giving 
a hydrodynamieal analogy. When a spherical body is set in motion in 
a liquid with the velocity i\ it produces motion in the liquid, and the 
total energy of this motion can be calculated with the aid of hydro- 
dynamical principles. This ‘ additional energy ’ causes an apparent 
increase of inertia of the material body which, in the case of the 
spherical body, is equivalent to the mass of the displaced liquid. In 
the present case, we may regard the charged particle as generating 
moving lines of magnetic force in the aethereal fluid and these moving 
lines of force cause the apparent increase in inertia. 

The electrodynamics of moving spherical charges were further 
considered by Lorentz and Abraham. For a detailed account of 
these works, special treatises ought to be consulted.* But a brief 
outline may be given here. 

Let a spherical charge e move (Fig. 17) with the velocity n, u 
being much smaller than c. Then the moving charge is equivalent 


See Lorentz, Theory of Electron p. 210. 
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PH 

to a current —• The magnetic field at a distance /* due to the 


moving charge is 




eu sin 0 


(39) 


r r 

where r = OP, XOP = 0, the direction of II being perpendicular 
to the plane of the paper. 

The total e. m. energy associated with the motion is 

1 e 2 u 2 [fisin 2 6 


E " a - si 


bTi C 

The integration taking place over the 
whole space exterior to the electron, /.c., from 
r -=s a to /’ = The total energy then 
comes out to be 

le 2 n 2 M1 v 

h — - .(- 41 ) 

3 etc m 

This may be put equal to hnn 1 , where 
ni is the mass of the electron. We have 


clci 


2 e* 

nt = — 


. 

According to this theory, the whole mass 
is supposed to be of electrical origin. If the 
hypothesis be correct, we obtain from (42) 
an estimate of the radius of the electron. 
We have 

2 c* 




3 me 2 

ro x to -13 


(40) 



Fig. 17. 


(43) 


cm. 


The above proof is correct only if n be small compared to c, 
the velocity of light. When this assumption can no longer be made, 
the calculations become very much involved, and original sources 
must be consulted. Supposing that in course of motion the electron 
continues to remain spherical {hypothesis of rigid electronsl Abraham 
deduced (28) for the value of the mass. Lorentz, on the other hand, 
showed that the calculations become much simpler if we assume that 
the diameter of the sphere is contracted in the direction of motion 
BBs/l-v'/c % : 1 {hypothesis of contractile electrons). He arrived 
at the formula (29), which as mentioned above, was independently 
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deduced by Einstein from the Special Theory of Relativity and has 
been found to agree with experimental results. 


32. The Rotating Electron. —Abraham further proved that 
the spherical electron may be supposed to be rotating about an axis 
passing through its centre. In such a case, it will possess an intrinsic 
magnetic moment, and will behave like an elementary magnet. He 
calculated the value of the magnetic moment p as well as that of the 
mechanical moment a and found that the ratio of the two moments 


L 

a me 


(44) 


The hypothesis of “ Rotating Electrons ” has been revised in 
recent years by Goudsmit and Uhlenbeek to explain duplicity 
phenomena in Spectroscopy (rule Chap. X). But on the other 
hand it attributes to the electron certain properties which are 
scarcely comprehensible. For, on this hypothesis it comes out (ride 
loc. frit.) that the peripheral velocity of the rotating electron is several 
hundred times larger than the velocity of light. This is a great 
difficulty which has not yet been overcome. 


33. The Electron as Wave. —Finally, we may mention at this 
place the far-reaching discovery of I)e Broglie that an electron, 
moving with the velocity r may be regarded as a bundle of waves of 
mean length 



mv 


(45) 


moving with the wave velocity but with the group velocity v. 

This subject will be taken in much greater detail in a subsequent 
chapter. 


34. The Atom of Positive Electricity—The Proton. —After 
the atom of negative electricity was finally isolated and its charge and 
mass measured, it was natural that the atom of positive electricity 
should be looked for. But no exact counterpart to the electron was 
found up to 1933. The smallest positively charged particles so far found 
possessed the same charge as the electron, but its mass was equal to that 
of the hydrogen atom and it is therefore 1847 times heavier than the 
electron. It is in fact identical with the nucleus of the hydrogen atom 
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(see Chap. III). It was supposed that this was the smallest atom 
of positive electricity, and to this the name of ‘ Proton’ was given. 

35. The Positron. —But quite recently several investigators 
seem to have satisfactorily established the existence of the positron, 
which has got a positive charge equal to that of the electron and the 
same mass as the electron. It is thus the exact positive counterpart 
to the electron. The Proton, according to I. Curie and F. Joliot, is 
composed of the neutron , a neutral mass having almost the same 
weight as the Il-atom, and a positron . For details see Chap. Ill 
and the last chapter on Nuclear Physics . 

The Canal Rays. 

In the discharge tube, positively charged particles occur along with 
electrons. Godstein found in 1886 that if the cathode be perforated, 
and the discharge tube* prolonged on the side away from the cathode 
{ride Fig. 1, Chap. Ill), a system of charged particles is- found to 
proceed in a straight line from the cathode in a direction opposite to 
those of the electrons. He gave to these the name of “ Canal Pays , 

‘ Kanal ’ ” being the German word for channel. These canal rays 
have characteristic colour, and J. J. Thomson found that the mineral 
willemite which is a silicate of zinc, phosphoresce brightly when 
exposed to these rays. Later experiments by Wien and Thomson 
showed that those particles are positively charged, but possess as 
large masses as the atoms and molecules of the residual gas within 
the tube. They are in fact identical with atoms or molecules which 
have lost some electrons. The experimental methods for studying 
them will be described in Chap. Ill, 

Boohs Pecommended. 

On the Phenomena in a discharge tube: 

—Kaye, X-rays , Chap. I. 

—Townsend, Electricity in Gases, Chap. XI. 

—Crowther, Ions, Electrons and Ionising Radiations , ('hap. VI. 

—Langmuir and Compton’s article in Reviews of Modern 
Physics , Vols. 2 and 3 (1931). 

e 

On the determination of - for cathode rays: 

in 

—J. J. Thomson and G. P. Thomson, Conduction of Electricity 
through Gases . Chap, VI. 
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—Ilandbuch der Physik , Band XXII, W. Oerlaeh’s article, 
Chap. I B. 

On the Mathematical treatment of the motion of cathode rays under 
Electric and Magnetic fields: 

—J. J. Thomson and G. P. Thomson, hr. cit ., Chap. V. 

On the determination of ‘c’: 

—R. A. Millikan, The Electron (1916). 

—Perrin, Les Atonies (English Translation Atoms) (1923). 

—Ilandbuch der Physik, lor . cit. 

e 

On the determination of -- for swift 6-rays : 

m 1 

—Ilandlmch der Physik, loc . cit. 

—Richardson, Electron Theory of Matter, (Imp. XT. 

On the Dimensions of the Electron: 

— Loren tz, Theory of Electrons . 
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POSITIVE RAYS 

36. Experimental Study. —In Chapter I, we have already 
mentioned the circumstances leading to the discovery of Positive Rays. 

The experimental methods for the study of the positive rays 
were evolved by W. Wien* and J. J. Thomson. It was found that 
the positive rays were deflected by a magnetic field in a direction 
opposite to that of the electrons, but the deflections were rather too 
small. The method of crossed fields which is used for finding out the 
value of elm for electrons was not found suitable for this case, and a 
fresh method was worked out in which the fields were kept parallel. 
This method had already been applied by Kaufmann for finding out 
e/m for (3-rays (electrons from radioactive bodies which sometimes 
move with velocities approaching c) and is generally known as the 
method of parallel fields. 

We describe below J. J. Thomson's apparatus in which his 
classical experiments were done. 



Fig. 1 

J. J. Thomson's positive ray apparatus. 


* Wien, Verh. d. Phys. Gesell., 17, 1898. 
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A ... is a large glass flask in which the discharge takes place. It has 
a side tube containing cocoanut charcoal in liquid air, 

K ... is the cathode, made of a rod of soft iron with aluminium end, 
and pierced axially by a fine hole through which the positive 
rays enter into the space to the right. Sometimes the diameter 
of the hole is 0*1 of a mm. 

P,Q . .. Pole-pieces of an electromagnet. 

L, L . .. Pieces of soft-iron with plane faces between which the electric 
field is applied. They are enclosed in an ebonite box. 

J ... Water jacket for cooling. 

R ... A carrier containing the photographic plate which is exposed to 
the positive rays. 

Thus both the electric and magnetic fields arc applied parallel 
to the plane of the paper. On running the discharge tube, positive 
ions move towards the cathode and finally a fine pencil of rays pass 
through its narrow bore. They are then subjected to the simulta¬ 
neous action of the electric and the magnetic fields between L, L 
and their deflected traces photographed at R. 

To obtain good results, the whole apparatus is to be carefully 
evacuated. If the vacuum in the discharge tube becomes too high, no 
discharge can pass through it, while, if the vacuum is insufficient, the 
positive ions will suffer frequent collisions with neutral gas molecules 
and the latter may pass through the cathode and strike R instead of 
the positive ions, and thus give rise to unexpected and puzzling results. 
On the other hand, the pressure on the camera side may be as low 
as possible. This is effected by additional exhaustion of this part 
through a side tube. The extremely narrow bore of the cathode 
serves to maintain the difference of pressure on either side of it. 
The cocoanut charcoal in liquid air contained in the side tube serves 
to regulate the pressure of the discharge tube. 

37* Theory of the Method of Parallel Fields. — It is clear 
from the description of the above apparatus that the pencil of 
charged particles is projected along the axis of the tube (say the 
x-axis) with the initial velocity y. This velocity may vary within wide 
limits. The electric and magnetic fields E and H are both applied 
vertically along the axis of z. The electrostatic deflection is along 
the z-axis —let us denote it by x. The magnetic deflection is along 
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the y-axis, as the deflecting force is parallel to this axis. The 
particles are received on a plane parallel to the yz-plane. Let us 
now find out the displacements. Let e and m denote the charge and 
mass of the particles in general. 


(a) The Electrostatic Deflection. 

C A 


Let CO represent the axis of the tube 
(x-axis), O be the central point on the 
plate where undeflected particles fall 
on the plate, OA the length of the 
electric field. 

Let CO = /, CA = a. 

Then as proved in §21, Chap. I, 
the particle describes a parabola up to 
CP and then flies oft' at a tangent to the 
parabola and hits the plate at Q. We 
have 



Deflection of positive rays in electric Held. 


•i - OQ = OP' + P'Q 
= AP + P'Q 
Since the parabola is given by 
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and the ^-coordinate of P = a, AP ihe z-coordinate of P is obtained by 
putting in (1). We have 

Ee 


AP 


2 mv 2 


-a 2 


Now P'Q — wt, where w — z-component of the particle-velocity at P, 
and t is its time of flight from P to the plate. We have 
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as — = vertical acceleration, — — time of flight from C to P. 
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Therefore, P'Q - ~a (l-a) 

Hence we have 

Ee 


mv 2 
Ee 
mv 2 


{■y + a(l-a) | 
A, where A — a 
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(b) The Magnetic Deflection. 
0 Let COR repr< 


Let COR represent the xy-plane, 
OR representing the y-axis. In this 
case the particle describes a circle 
mvc 


with radius P = 


= CO', and 


/ ^ centre O'. 

0Let CB —b represent the length of 

^ the magnetic field. The particle de- 
Fig. s. scribes segment of a circle up to M, and 

Deflection of positive rays in magnetic field. then fllOS in a tangent tO the circle to 

hit the plate at R. 


Hence 


y - OR-OM'+M'R 

- BM+M'R 

BM . 

JP J P 

M'R - MM' tan e 

= (/— b) sin 6, when 0 is small. 

- (l-b). T 


Therefore 
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When both the fields are simultaneously applied we have 


e.E . 
mv* ,A> 

M'-l) ... 

. . . (2a) 

mvc 9 

B - b {‘-\) ■ ■ ■ 

... (3a) 


The positive particles may have any velocities from maximum to 
zero. Hence the trace of the particles on the plate is obtained by 
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eliminating v between (2a) un<l (3a). We got 

, mm e 
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v __ y EA 
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(4) is the equation of a parabola in the yz-plane with its axis parallel 
to the z-axis. But the whole parabola is not described, only a part of it is 
described. For, the maximum velocity of the particles is given by 

I mv 2 = eV 

where V is the potential difference in the tube. 

These particles fall through the whole potential 
difference between the anode and the cathode. 

Hence the minimum value of i ?s given by 

EA 

%min. — i) y 

and since the particles have only one kind of 
charge, ?/ has only one sign. So only a trace like 
p. (Fig, 4) is described. By reversing II, we get 
p\ the image of p below the z-axis. If the 
electrostatic field is reversed, we can have the trace 
to the left of the y-axis. 

A number of Thomson’s parabolas are shown 
in Plate I (Fig. 5). 

38. Positive Ray Parabola. —In Fig. 5 
figures (Figs. 0, 7, Plate i) the deflection due to the magnetic field is 
vertical, while that due to the electrostatic field is horizontal. The 
central point corresponds to undeflected particles. 

A particular parabola is due to particles possessing the same 
value of ejm and these particles ha /e retained their charges through¬ 
out the whole of their journey through the electric and magnetic 
fields. Each point on a particular parabola corresponds to a definite 
velocity, and the velocity of the particles is according to (5) pro¬ 
portional to the tangent of the angle joining the origin to this point. 
Hence the points nearest the axis correspond to the highest velocity 
of the particles as given by equation (5), and the points further away 
correspond to decreasing velocities. The parabola is not of uniform 
brightness; which shows that the velocity distribution of the particles 
is not uniform. 


Y 



and the following 
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The lines joining the origin to the parabolas which sometimes 
appear on the plates are due to particles which get charged or 
discharged within the fields. This is proved by shortening the fields, 
when these lines disappear. For explanation of other details, 
see original papers, or J. J. Thomson’s Positive Pays of Electricity . 

The outermost parabolasare those which have the largest latus 
rectum, and hence the smaSSsf value of ejm. For the outermost para¬ 
bola in Fig. 5, ejm was found on calculation to be 9645 and it has been 
ascribed to H + , ■/.<?., due to hydrogen atoms which have one positive 
charge. Once one parabola on a plate is correctly assigned, the ejm 
for others can be identified by comparison, and then their origin 
can be looked for. Thus in Fig. 5, parabolas have been ascribed 
to H 2 + , 0 + +, 0+, 0 2 + , Hg + . For the parabolas ascribed to oxygen 
the ejm values were found to be J, t 1 <j, ^ of e/m iv hence they were 

identified with 0 ++ , ()+, 0 2 + , respectively. We thus observe that 
the oxygen-molecule in the discharge tube may have a single plus 
charge, may be broken up into atoms each with one plus charge, or 
two plus charges. This is a general phenomenon, and the Hg-atom has 
been found with sometimes as many as eight positive charges (vide 
Plate I, Fig. 7). But the hydrogen atom was never found with more 
than one plus charge . This fact was one of the bases of the assump¬ 
tion made by Bohr that the H-atom cannot contain more than one 
nuclear positive charge (vide Chap. VII). 

Besides positively charged particles we may have negative 
charges only, e.g.> H (Fig. 5), 

Fig. 6 is interesting. In this experiment the tube contained 
some residual Ne-gas, whose atomic weight as determined in 
the laboratory is 20*2. A parabola corresponding to m~20 was 
obtained, but just below this a fainter parabola corresponding to 

22 was just visible. As there is no element having the atomic 
weight 22, it was supposed that the parabola 22 is due to an isotope 
of Neon (vide supra) with the atomic weight of 22. The investi¬ 
gations at this point were taken up by F. W. Aston and are described 
in the following sections. 

39. Applications of the Positive Ray Method to the Study 
of Isotopes. —The greatest triumph of positive ray analysis has been 
achieved in its application to the problem of isotopes, of atoms 
possessing different weights , hut having the same chemical and 




'ig. |». Tin* Positron truck : Hi.- faint line will gru. in a. 
■urvuturo to tin* right is dm- to the position. 1 he trucks 
curved in the opposite direction tiro due to electrons. 


Fig. 7. Parabola showing inultiply-chargud 
mercury ions. 
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physical properties. In Chap. I, we have described in brief Promt's 
search for a fundamental atom. Prout's hypothesis came to grief, 
because Dumas and Stas, in their fundamental researches on the 
determination of atomic weights proved that many atoms had weights 
which were not integers but involved fractions. Thus Cl was found 
to have the weight 35*5, Iodine 128*1. and Neon 20*2. Prout tried to 
explain these on the hypothesis that the half-hydrogen atom, or 
the quarter-hydrogen atom was the fundamental atom, but such 
attempts, could be regarded only as artificial. So throughout the 
nineteenth century the belief became universal that the weights 
of atoms were not in general integral. 

But the whole aspect of the question was changed in the 
beginning of the twentieth century. Evidences began to pour 
from different directions which showed that a belief in the constancy 
of the weight of the atom could no longer be maintained. First of all, 
no positive unit of electricity having a mass smaller than that of the 
11-atom could be found in either the discharge tubes, or in other 
experiments where a breaking of atoms is expected. Hence if atoms 
are formed of protons and electrons, their masses ought to be, apart 
from the small masses ascribed to electrons, integral multiples 
of the mass of the H-atom. Secondly from studies in radioactivity 
(IV, §§ 01,62) it was found that if we take the two chief radioactive 
groups, one headed by Uranium, and the second by Thorium, 
and trace the radioactive changes in the two groups, we find 
that the end products * in both cases are lead, but closer scrutiny 
(vide Chap. IV) shows that while Pb from IT can have an atomic 
weight of 206, Pb from Th has the weight 208. Ordinary Pb was 
found to have the A. W. 207*22. It has been supposed that Pb in 
Uranium-bearing minerals may differ considerably in its A. W. 
from Pb from Thorium-bearing mineral. This was actually found 
to be the case. Honigschmidt found that Thorium-lead 
extracted from Ceylon-Thorianite had an atomic weight of 207*77, 
while Richards and Lambert found that the Uraniolead from 
Norwegian Clevite had an atomic weight of 200*08, in striking 
agreement with theory. Both these types of lead had identical 
chemical and physical properties, and could not be separated from 
one another by any chemical or physical means. Their spectra were 
also found to be identical. 

On certain other basis which will be more fully discussed in 
Chap. IV Soddy and Fajans developed their theory of isotopes . This 
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was a term coined by Soddy to denote the different forms of the same 
elements which like U-lead, and Th-lead have identical chemical and 
physical properties but differ in atomic weights. It was supposed 
that all elements which showed fractional atomic weights were 
mixtures in fixed proportion of different isotopes, the weight of 
each of which was integral. 

Thus Neon has an atomic weight of 20‘2. Positive ray analysis 
quoted in §37 however showed that Neon gives two parabolas having 
the atomic weights 20 and 22. It is therefore probable that Neon 
consists of two isotopes Ne 2 o andNc 22 mixed in different propor¬ 
tions. We may therefore assume that 

Ne = Ne 20 90% + Ne 22 10%. 

Ah most elements show atomic weights involving fractions, they 
may be supposed to consist of a number of isotopes each having some 
integral weight but mixed in different proportions. The discovery of 
a general and powerful method for the separation and quantitative 
estimation of these isotopes has been the crowning achievement of 
F. W. Aston's long-protracted labours. The parabola method 
described above gives also a means for separating these isotopes. 

It has been found that the parabola method is specially suitable 
for the mass analysis of light elements. Aston* has extended this 
method to the determination of the isotopes of Li, and G. P. Thomsonf 
to the case of Be. In these cases only the method of production of 
positive ions was improved. They employed a hot anode discharge 
tube with perforated cathode, and phosphates or sulphates of the 
metals were deposited on the anode. The anode consisted of a strip 
of platinum which was electrically heated and gave out metal ions. 
The device was first introduced by Gehrcke and Reichenheim and the 
streams of particles were called by them Anode rays . Lithium gave 
two parabolas and was thus found to be composed of two isotopes 
Li 7 and Li\ while Be was proved to be a simple element of mass 9. 
{vide however supra). 

40. The Mass-Spectrograph. —Aston found that Thomson's 
method of analysis of positive rays, though almost ideal for a general 
survey of masses and velocities, was not suitable as an instrument 
of precision, and required too long exposures. For precision 


* Aston and G. P. Thomson, Nature, Feb. 24, 1921. 
t G. P. Thomson, Phil. Mag., 42, 857, 1921. 
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measurements, the parabolas must be very fine. Though this can be 
achieved by taking long, fine bores, the procedure is not without 
its disadvantages, for the intensity falls off as the fourth power of the 
diameter of the bore, and exposures with narrow beams become 



unusually long. For removing this and other defects, he was led to 
devise another apparatus* in which particles possessing the same ejm, 
but differing widely in velocity and direction can be focussed on 
a single point. The plan of the apparatus is shown in Fig. 8, and the 
actual apparatus in Fig. 9. The description of the apparatus is 
given below. 



Si, 8 2 ... are two narrow slits of special construction, through which 
the positive rays pass. 

Pi, P 2 ... parallel plates for applying the electrostatic field. 

D ... a diaphragm; the rays enter the space obliquely, diverge, 
and a wide beam is allowed to pass through D. 

* Aston, Phil. Maq. y 38, 709, 1919. 

F. 12 
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O ... the centre of the circular pole-pieces. The magnetic field 
is applied perpendicular to the plane of the paper so that 
the magnetic deflection is parallel to the plane of the 
paper. This deflection is in the opposite direction to that 
of the electrostatic field. 


In Fig. 9, B is the discharge tube in which the rays are produced. 
Si, S 2 are the slits, and P, P the plates. The diaphragm is placed near L. 
The magnetic field is applied at M. Z is a pair of earthed plates which 
protects the beam of rays from the action of any stray electrostatic field. 
T is the photographic plate which can be manipulated by a rod working 
through the ground glass joint V. The beam of rays can be thrown on the 
willemite screen Y and its intensity examined through the window W. S 
is a source of light from which a fine bean can be thrown on T and thus a 
fiducial spot can be obtained from which measurements are to be made. 

For practical purposes, we may suppose that the rays diverge from O. 
Let 0 be the electrostatic deflection of a set of particles of velocity v> cp 
their magnetic deflection from the initial direction Si S 2 . We have 
then, 


aEe __ bile 
mv 2 ’ ^ mvc 


M 


Hence Qv 2 = constant, cp^= constant for all rays having the same 
ejm , and deflected within small angle. 

We have from (5a) 

^ 1 +^= 0 , *2 + = 0 
0 v ’ <p v 

So that 

., 6 ) 

Suppose we have a beam diverging from Z. Let ZO be the central beam 
(passing through O, which makes an angle 0 with SiS 2 D the line of slits). 
Let the extreme beam through D make an angle 0 + 80 with S 1 S 2 D. 
Then at O, the half breadth of the beam is b 80 . From O, the central beam 
diverges through <p, i.e., the angle AOF, and the extreme beam through <p + d<p, 
and let the two beams meet at F. Then from simple geometry we find 
that the angle between the rays at F is 8((p —0). 

Since the rays are supposed to come to a focus at F, we have 

b 80 « r8((p— 0), where r = OF 

Hence with the aid of (6), we have 

r (<p —20) =» 260 .(7) 
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It is now easy to see that if we draw a line ZB#> so that PZS=SFO, 
then it can be easily proved that ZP is the locus of the point (r, <p), i.e., all 
particles having the same value of e/m, whatever the value of ?’ may be, 
are focussed on some point in ZP. To prove this we draw a line OQ 
parallel to ZP through 0. Let OQ cut ZP at Q. Then we have 
^FOQ = and OF (cp - 2$) = OZ. QO. 

Thus (7) is fulfilled * F lies on the photographic plate, where it 
produces a narrow trace like that of a broad spectral line. The value 
of e/m corresponding to any such trace can be determined by comparison 
with known reference lines. 

41. Methods of Comparison.*)* —In actual practice absolute 
determination of m/c is not necessary. By using gases like O 2 , CO 2 , 
CH 4 , etc., as impurities with the experimental gas, a number of 

reference lines corresponding to C (m/e = 6 ), O ( 8 ), O (16), 

C + (12), CO + (28), CH 2 + (14), CH 3 + (15), <JH 4 + (16), etc., are obtain- 
ed. Some of them can be seen in the mass spectra reproduced in Fig. 10 , 
from Aston’s papers. The behaviour of these gases is previously known 
from the parabola method; so their lines can be easily identified. Then 
a calibration curve is drawn with the distance of the different lines from 
a fiducial point as a function of the mass. This can be used in ascertaining 
the mass-number corresponding to any new line. 

For greater accuracy certain other methods have also been used by 
many workers. One of these, known as the method of coincidence consists 
in obtaining two sets of mass-spectra for the same substance, ( 1 ) with 
definite values E and H for the electric and magnetic fields, ( 2 ) with 
different values E f and H! for them. Let V y V 9 be the potentials correspon¬ 
ding to E and E f , The new values V 9 , II 9 are so adjusted that a mass m 1 
photographed under the second condition occupies the same position as 
that due to a mass m under the first condition. Then since the electric 
and magnetic deflections foi the two lines have been interchanged, we 
have 


pe 


mv mV 

TT~ H' 


mv 2 _ V 
mV 2 V 9 


* The full mathematical analysis of the theory of the apparatus has 
been given by R. H. Fowler (Phil. Mag., 1922). Here we nave adopted 
an approximate theory. 

fFor an account of the methods of measurement of mass-spectra, see 
Aston’s Isotopes (1923), Chap. V, p. 55. 
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Hence 


mt F/iP\* 
m “ V'\H) 


. ( 8 ) 


Thus the ratio of m to m' is known. If one of them be u standard 
line, the other can be found. 

A modification of the above method has also been largely used. In 
this the magnetic field is kept constant, and only the electric field is chang¬ 
ed from V to V 1 in the second exposures, as in the method of coincidence. 
If the conditions 


be satisfied, coincidence of rn! and m will occur. Thus the line C (12) under 
320 volts will occupy the same place as O (16) under 240 volts. If in any 
case the coincidence is not exact, the amount of difference can be easily 
determined even from a rough calibration curve. The condition that the 
magnetic field should be maintained constant is a great disadvantage of 
this method. But still this is the only method applicable for masses far 
removed from reference lines in the spectrum, and with mass ratio as large 
as 3 : 1. 

A special method of great accuracy, known as the method of bracket¬ 
ing*, has been used by Aston for analysing the isotopes of hydrogen and 
helium. In this three exposures are taken instead of two, using potentials 
F, AV—h and 2V-\-h respectively, where h is a small difference of 
potential. This method is specially suitable for analysing isotopes of mass 

ratio 2:1, for example, H 2 + and or H 2 + and He + . 

It is clear that if 2:1, the two lines for m corresponding to 

2V—h and 2F+fc will lie symmetrically on either sides of the line for 
m corresponding to F, and the two m-lines thus form a bracket with the 
ra'-line. The method is applicable even when the ratio is not exactly 
double, and its exact value can be determined from the calibration 
curve. 

Using very narrow slits and apparatus of suitable dimensions, Aston 
has obtained in his works on mass spectrography a resolving power dm/m 
of 1 in 130, and an accuracy of the order of 1 in 1000 in the determination 
of mass-number. 

42. Explanation of the Spectra. —A number of typical mass- 
spectra obtained by Aston has been reproduced in Fig. 10. Oxygen 
and carbon which were formerly supposed to be elements with single 
isotopes having the exact weights of 12 and 16 have now been found 


* Aston, Phil. Mag., 39,621, 1920. 
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(see §43) by other methods to possess other isotopes in minute 
quantities, having the atomic weights 17 and 18 for O, and 13 for C. 
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Fly. 10. Mass-Spectra of Elements (As(on). 


The main isotopes have almost exact integral values. So these 
elements, their atoms and molecules, and their compounds with each 
other and hydrogen are generally used sis reference lines. Thus here 
we have got the following reference lines :—() 2 + (32), 0 + (16), 
0 ++ (8), C+(12), CO+(28), (J++((»), C0 2 + (44); C + (12), CH+(13), 
CH g + (14), CHii + (15), CH 4 + (16) or 0 + (16) (see spectrum V); 
C* + (24), C,H + (25), C,H,+l2ttX C,H :t +(27), C,H«+(28) or CO+(28), 
C 2 H 6 + (29), C 2 H,i + ( 30) (sec spectra I and II). 

Coming to the actual rcsidts of experiment, we find that Ne was the 
first element to show clearly isotopes. Ne showed two isotopes Ne 20 
and Ne 22 . Next Cl was examined. The result is shown in 
spectra II, III and IV. A group of four lines 35, 36, 37, 38 occurs 
in spectrum III. Of these the lines 35 and 37 are isotopes of Cl, 
and 36, 38 are attributed to HC1. The corresponding second order 
lines {i.e., for nuclei with two positive charges) 17’5 and 18"5 (due to 
Cl ++ ) occur in spectrum II. The isotopes of Argon are exhibited in 
spectra V, VI. The strong line at 40 in spectrum VI shows that it is 
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the main constituent of the element. In spectrum F, the lines 20 
(for A ++ ) and 13’33 (for A +++ ) correspond to the same constituent in 
second and third orders. A very faint line 36 in spectrum VI is 
attributed to a second isotope of argon A 8b . 

But the corresponding second and third order lines 18 and 12 are 
absent in spectrum F. This is due to the presence of H 2 0 (18) and 
C (12) as impurities in the gas. It is well-known that the gas krypton 
cannot be completely freed from argon. The neverfailing presence of 
a line 36 in the mass-spectra of Kr confirms the above conclusion. 

The result of mass analysis of hydrogen and helium is very 
interesting. The method of bracketing has been used for these two 
substances. It will be seen in spectrum VII (a and c) that when 
comparing H 2 + and H + , the bracket is perfectly symmetrical. The 
potentials used in these exposures were 250, 488 and 512 volts res¬ 
pectively. This proves that within the limit of experimental error, 
the mass of H 2 is exactly double that of the hydrogen atom. 
Spectrum VII (b ) and (d) show the results of comparing Il 2 + with 
He + . Helium atom has a mass approximately twice that of hydrogen 
molecule. So the same three sets of voltages are used. The bracket 
is here however unmistakably asymmetrical. In (/>), IIe+ has been 
bracketed by the two H 2 "Mines, and it is seen that both the H 2 + - 
lines in the bracket have shifted to the side of increasing mass scale, 
compared to their symmetrical positions about the He “Mine. But 
in (cl) where the H 2 + -line is bracketed by two HeMines, the 
shift of the HeMines is in the reversed direction. The nature of 
these asymmetries clearly indicates that the mass of the H 2 -mole¬ 
cule is greater than half that of He-atom. 

It is remarkable that neither the hydrogen nor the helium atom 
gives any second order spectra (spectra due to particles having double 
charges). This behaviour of hydrogen agrees with Bohr's picture of 
the structure of the hydrogen atom as consisting of a single electron 
revolving round a single positive charge. Further the absence of 
of He +4 is attributed to the fact that the energy required to remove 
two electrons from it is extremely high (nearly 80 volts). In some 
of the photographs a mass H 3 + has been identified. It was also 
observed by J. J. Thomson in the parabola method. Recently, an 
isotope* of the H-atom has been found having a mass of 2, and a 


* H. C. Urey, F. G. Briekwedde and G. M. Murphy, Phys. Rev„ 40, 
1,1932; 89, 164, 1932. ‘ ’ 
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to maximum concentration of ions the current suddenly rises to 
maximum. Thus for Mg three distinct maxima were observed 
at 953, 914 and 879 volts. 


According to (10) the masses 
of the ions are inversely 
proportional to the applied 
voltages. As in every case 
a maximum due to N 2 + 
(w~28) was present at 817 
volts, the masses correspond¬ 
ing to other voltages could 
be obtained by comparison. 
The masses were plotted 
against ionic currents. The 



curve obtained is shown in 


Fig. 12 taken from Dempster's original paper. Thus Mg shows three 
isotopes of masses 24, 25 and 20 corresponding to the three maxima 
A, Ii, C. The maximum 1) at m =28 corresponds to N 2 + . The 
height of the ordinates at each point shows the relative number of 
the isotopes present in the atom. 

Besides Mg, this method was also applied by Dempster* to Ca, 
Zn and K. He discovered the isotopes 40, 44 of Ca; 64, 60 and 
68, 70 of Zn, and confirmed the isotopes of Li and K found by 
other observers. 


More recently Dempster's method has been employed by Bain- 
bridgef to a very critical analysis of the isotopes of Na, K and Li, 
and he has confirmed in general the previous results of Aston, 
Thomson and Dempster. He has determined also exact masses of 
some of the isotopes of Be and Ne and his results are regarded as of 
high degree of accuracy. 


44. Discussion of Results. —The results of mass analysis of 
elements so far investigated are given in table 1 at the end of this 
chapter. The isotopes of each element have been given in their 
decreasing order of abundance where otherwise not mentioned. In 
other cases the relative abundances have generally been calculated 
from the intensity measurement of the mass-spectra of elements 


* Dempster, Proc. Nat. Acad. Sci.> 7, 45, 1921. 
f K. T. Bainbridge, Jour , Frank ImU, 212, 317, 1931. 
F. 13 
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by Aston and others. Column 4 of the table gives the exact atomic 
weights of the isotopes, and column 5 those of the nuclei. The 
latter values are obtained by subtracting the masses of Z electrons 
from the atomic weights in column 4. 

A few isotopes given in the table have been recently reported 
from the study of the isotope-effect of band spectra (see Chap. XX ). 
These are Be 8 , C l \ N 16 , O 17 , O 18 , Xe 21 * Cl 39 , Cl 40 and 
others to be found in the table. Their relative proportion compared 
to the main isotopes is however extremely small. Thus O 18 occurs 
in the proportion of 1 in <)30 and O 17 in proportion of 1 in more than 
3000. From a scrutiny of the number and weights of the isotopes 
of different elements*in the table, the following conclusions have been 
arrived at:— 

(1) The atomic weights of isotopes are all very nearly integers. 

(2) Elements of even atomic number have generally more 
numerous isotopes than those of odd atomic number. Elements of 
odd atomic number have not yet been found to possess more than 
two isotopes {vide however chlorine which is an exception). 

(3) Isotopes*having even mass number occur more frequently 
*han those of odd mass number; further, those having their mass 
number divisible by 4 are more frequent than those with mass 
number not divisible by 4. 

N.B .—It is supposed that the mass of an isotope is wholly due 
to the protons it contains, and the mass of a proton is taken to be 
unity. On this basis the mass of an isotope is numerically equal to 
the number of protons it contains. This number: is known as the 
mass number and is denoted by A. On the other hand the atomic 
number Z of an element is equal to the units of effective positive charge 
of its nucleus. So if A=mass number of an isotope, Z=its atomic 
number, it must contain N=A — Z number of electrons in the 
nucleus. Thus for Li 7 , .4=7, Z~ 3, so that JV=4, while for Li 15 , A=6, 
Z— 3, therefore A r =3. These simple ideas are based on the assump¬ 
tions that the electrons and protons exist in the nucleus in free states. 
There arc however grave doubts regarding the validity of this 
assumption. In fact it is now fairly certain that there are no free 
electrons in the nucleus. This question will be discussed later in 
the chapter on Nuclear Physics. 

♦Hognes awl Rvalues, Nature , 122, 441, 1928, 
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Isotopes containing even number of electrons (N) in the 
nucleus occur more frequently than those containing odd number of 
electrons. 

(4) Mass number of an isotope is always either equal to or 
greater than twice its atomic number (A S 2Z), so that the number 
of free electrons in the nucleus is either equal to or greater than the 
atomic number (N 2^ Z). It follows also then that A ^ 2N , i.e., the 
number of protons can never exceed twice the number of electrons. 

(5) The number of isotopes for any single element is not very 
large, and their mass-number vary within narrow limits. 

The full significance of all these conclusions have not been 
completely understood, but some of them are clear. Thus the whole 
number rule of the weights of isotopes seems to indicate that the 
atomic nuclei of all elements are built up of the elementary consti¬ 
tuents protons and electrons. Further, the rule of divisibility of 
mass number by 4 indicates that in most nuclei the protons may 
have a tendency to occur in groups of 4. We shall discuss the 
question further in the chapter on Nuclear Structure. 

44a.—The Discovery of the Positive Electron (Positron).— 

It is likely that the reader of this book has heard of Cosmic 
rays which are a kind of penetrating radiation of ultraterrestrial 
source coming in equal intensity from all parts of the sky and 
possess the remarkable property of discharging electroscopes even 
when these are protected by thick lead-shields ( vide for details chapter 
on Nuclear Physics). The question whether this radiation consists 
of corpuscles or photons, has been the subject of much investi¬ 
gation in the past couple of years. While light is being thrown 
on this fundamental problem only recently (they are now almost 
proved to be super-gamma-rays), these researches have led quite 
unexpectedly to another discovery of foundamental importance, viz., 
to the discovery of a particle positively charged and possessing 
a charge and mass —which so far as can. be judged from the present 
preliminary investigations are equal to that of the electron . This new 
particle is styled the “ positron 

At the California Institute of Technology C. D. Anderson,* 
while using a vertical Wilson cloud chamber (of 15 cms. diameter), 
which is traversed by a horizontal magnetic field of about 15000 

• C D. Anderson, Science, 76, 238, 1932 ; Phys. Rev., 43, 491, 1933; 44, 
406, 1933. 
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gauss* to observe the tracks of particles associated with cosmic 
rays,* found (August, 1932) that some of the tracks had a curvature 
(due to the magnetic field) of such a sign that assuming the particles 
to be moving downwards—as presumably the particles liberated 
by the cosmic rays actually do—the charge on the particle must be 
positive. Yet the ionisation along the track was much smaller than 
that to be expected for a proton of the same velocity and correspond¬ 
ed to that of a particle of much smaller mass. It was improbable 
that it could be a proton, but might it not be an electron moving 
upwards which in the magnetic field would have the same curvature 
as a positive particle moving downwards? A plate of lead 6 ram. thick 
Was placed in the middle of the chamber so that the corpuscles 
had to pass through this plate. The particle loses energy in passing 
through the plate, and thus its track would show different curvatures 
on the opposite sides of the plate—the direction of motion of the 
particle being obviously from the side of lesser curvature to that 
of the greater. In this way Anderson found the direction of motion 
of the particles and showed that there existed particles of positive 
charge having a much smaller mass than the protons. He fixed an 
upper limit for the proper mass of the positron to be about 20 times 
that of the electron. 

A repetition of these experiments by Blackett and Occhialinif 
at Cambridge has fully confirmed this discovery, the magnetic field 
in their experiments was much inferior to Anderson's (2000 to 3000 
gauss), but they improved on his method in one important respect. 
By placing two Geiger counters—one above and the other below the 
chamber—they so arranged that the track of any particle which fired 
both the counters was automatically photographed'. Very recently 
a deflection of the positrons in electro-static field has also been 
reported. A Wilson chamber photograph of the positron-track 
obtained by Blackett and Ochialini is reproduced in Plate I, Fig. 13. 
The velocity of the positron is very nearly equal to that of light, and 
hence in accordance with the Lorcntz-Einstein formula, the mass 
is enormously increased in motion. There is no reason to believe 
that the rest-mass of the positron is different from that of the 
electron. 

* This-method of. taking Wilson photographs of cosmic ray tracks in a 
magnetic field was initiated by Skobelzyn (Zs. f. Phys , 43, 354, 1927; 54, 
686, 1929) who was the first to observe electrons of enormous energy 
released by cosmic rays, 

f Blackett and Occhialini, Proc . Roy , Soc. A , 139, 699,1933. 
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Almost simultaneously with the work of Blackett and Oechialini, 
Meitner* * * § showed that positrons can be produced by the bombard¬ 
ment of the nucleus by neutrons, and Anderson f and Curie-Joliot i 
showed that they are produced by bombardment of the nucleus by 
penetrating gamma-rays from ThC // . In such cases, the electron and 
the positron are produced in pairs. It is suggested that the gamma- 
rays split up under the action of the nucleus into two fundamental 
electric particles of opposite signs. 

It may be mentioned that the existence of the positron was 
predicted in 1931 by Dirac§ from speculations based on his 
relativistic theory of the electron. The discovery of the positron thus 
lends a great weight to the importance to physics of his rather abstruse 
and abstract ideas. For details reference must be made to his 
original papers. 


Boohs Recommended. 

J. J. Thomson, Rat/s of Positive Electricity (1913), Longmans Green 
Positive Rays of Electricity, 2nd Ed. (1921). 

W. Wien, Ilandbueh dev Radiologic . Bd. 4, Leipzig, (1917). 

IJaudbuch der Physik , Bd. XXII. 

Aston, Isotopes (1923), (1931). 


* L. Meitner and Philipp, Naturwiss 21, 286, 1933. 

+ Anderson and Neddermeyer, Phys . Rev., 43, 1034, 1933. 

1 1. Curie and F. Joliot, Journ . Phys . Radium, 4, 494, 1933. 

§ Dirac, Proc. Roy . Soc. A, 126, 360,1930; 188, 60,1931. 

See also Fermi’s article, Quantum Theory of Radiation , ill Review of 
Modern Physios , Vol. 4, § 16. 
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Table 1. Isotopes of Elements. 
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C3 io 
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1 

H 

i 

1-00778 

1 *00724 

1-0078 

4500 ld 1 

1 Urey, Brick 
weckler and 


(Deuton) 

21 

2*01363 lR 

201309 


~1 

! 

Murphy, Phys. 
Rev,, 39, 164, 







1 

1 

1932. 

2 

He 





! 

la Bain bridge, 
Phys. Rev., 44, 

4 

400216 

4-00108 

4-002 


57/1933. 







I 

lb Costa, Ann. 



! 





d. Phys., 4, 425, 
1925.' 

3 

Li 

6 lb 

6012 

6-0104 

6-940 

6 1 

1( * Cockcroft 
and Walton, 



7 lb , l ° 

7-012 

7-0104 


94 

Proc. Roy . Soc. 
A , 137,' 229, 



1 j 




; 

1932. 



| 



| 

1 

| 

ld Bleakney and 
Gould, Phys. 

4 

Be 

j 

! 82 j 

1 ! 


i 

9-02 i 

1 H 
\ ! 

Rev., 44, 265, 
1933. 



| ^ | 
1 i 

9"0155 2 * 

l 

9*01334i 


1 2000J i 

; 

2 Watson and 


i 

! 1 
i 

i 

1 

! 



1 

Parker, Phys. 
Rev., 37, 167, 




| 

I 


j 

1931. 

5 

b 

10 

li 

10-0135 

110-0108 

10-826 

'j 22 

2a Bainbridge, 
Phys. Rev., 43, 



11-0110 

11*0083 


78 

| 

367, 1933. 


* Taken from Smekal, Quantentheorie, Kap. 6, Mott’s article, Wellen- 
mechanik und kemphysik , p. 794. 

t On the basis of mass of the electron m e 00054. 

313 isig 10 "’ Proc ‘ ***' Soc ' A ’ 126,611 ’ 1930:180,302 > 1931 > Nature > m < 
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9 
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22 
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4b Birge, Phys. 
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Rev., 37, 841, 
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11 

Na 

Mg 
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5 Giaque and 
Johnston, Na¬ 
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12 

24 
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25 


|: 
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A1 
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14 
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28 
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28-06 
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15 

P 

31 
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CHAPTER IV 

ELEMENTARY RADIOACTIVITY 
SECTION I 

45. Discovery and Nature of the Phenomenon.— The 

story of the discovery of the phenomenon known as Radioactivity 
forms one of the most interesting scientific romances of the nineteenth 
century. The discovery of X-rays by Rontgen in 1895, and the un¬ 
expected properties possessed by them created the most intense 
interest throughout the scientific world. It led to an exhaustive 
investigation of various substances with the 1 expectation of finding 
out some which under ordinary circumstances, might emit radiations 
similar to X-rays. Since the production of phosphorescence is one 
of the most characteristic properties of X-rays, substances which are 
phosphorescent under ordinary conditions were attempted first. But 
most of these experiments gave negative results. A chance observation 
was however made by Prof. H. Becquerel of Paris (1896) who placed 
a phosphorescent uranium compound on a photographic plate wrapped 
in black paper. It was found on development that a faint image of 
the solid was produced on the plate. At first Becquerel was inclined 
to connect this phenomenon with phosphorescence, but further ex¬ 
periments brought to light the unexpected result that phosphorescence 
had no connection ivhotsoevcr ivith the phenomenon, and as a matter 
of fact all compounds of uranium (whether phosphorescent or not) 
produced the same effect to a degree depending upon the thickness 
of the layer employed and the proportion of uranium present in the 
compound. Conducting experiments under different conditions, 
it was found that the effect could not be influenced by varying the 
temperature or the state of aggregation (solid, solution or crystal) of 
the substance emitting these radiations or the presence or absence 
of other radiations in the surroundings, or any chemical or physical 
changes of the most drastic nature. These considerations led clearly 
to the conclusion that these radiations could not be regarded as due 
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to something like emission of energy which had been conserved in 
the substance in consequence of its exposure to a source of light, but 
they were undoubtedly associated with some specific property of the 
substance Uranium. 

46. Some Properties of the Radiations. —In addition to 
these properties of the radiations, it was observed by Becquerel, and 
later on by Mine Curie that the emission of radiation from Uranium 
was persistent, did not undergo any change in intensity or nature with 
the lapse of time. Attempts were then directed to observe reflection, 
refraction and polarisation of these radiations, but the results were 
inconclusive. But they discovered that like X-rays, these radiations 
possessed the important property of ionising a gas, Le ., when they 
were allowed to pass through air which is ordinarily nonconducting, 
they rendered it conducting. Thus when a charged electroscope is 
brought near a gas subjected to the action of radioactive radiations, 
it rapidly loses its charge. The effect is illustrated by the experiment 
described in (I, §3). These experiments can be made quantitative and 
the apparatus can be utilised to find out the quantity of radioactive 
matter in a mineral. In the hands of the Curies, this method led to 
the discovery of the wonderful element Radium. 

47. Discovery of Radium.— So far the nature of the radia¬ 
tions from U was quite unknown. For a long time, they were known 
as Becquerel rays. The next step was to find out whether these 
radiations were confined to U or were possessed by other substances. 
Of the 80 elements known till then, it was found by G. C. 
Schmidt, and M. Curie in 1898, that the next heaviest element 
thorium emitted radiations similar to those of U. The ordinary 
elements potassium (Campbell, 1907) and rubidium were also found 
to be feebly radioactive. But the most intense interest was 
created by the discovery of Radium, which was the culmination of an 
extensive series of systematic researches carried out by P. and Mme 
Curie. They began these researches with the object of finding out 
whether, all Uranium-bearing minerals emitted Becquerel rays in 
proportion to their Uranium-content. They estimated the radioactive 
property by measuring the ionisation with an electroscope as described 
before (I, § 4). They found that while in most minerals the intensity 
of Becquerel rays was proportional to their U-content, a particular 
sample known as Pitch-Blende from a mine at a place called 
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Joachimsthal in Czeckoslovakia showed four times more activity in 
proportion to its U-content than ordinary uranium. They thought that 
the increased activity was due to the presence of an unknown element 
in the mineral, possessing more intense radioactive properties than U, 
in minute proportions. Guided by this conviction, they set to them¬ 
selves the task of isolating this active matter . The principle used 
was very simple, though the struggle was epic. They started with 30 
tons of the mineral, and went on separating the constituents by 
applying the methods of group separation used in chemistry. After a 
separation was effected, the two parts were tested separately for 
radioactivity. Generally one part was found to be inert, the other 
active. The active part was taken and again subjected to group 
analysis. Proceeding in this way, they found that most of the 
activity was due to a residue which was separated with barium. As 
barium itself was not active, they were led to the conclusion that 
the activity was due to a higher homologue of the group comprising 
Ca, Sr and Ba. The residue was converted into a chloride, and the 
active substance was separated from barium by fractional crystallisa¬ 
tion. To this unknown element, they gave the name of Radium. 
Only 2 milligrams of radium were extracted from 30 tons of 
pitchblende. 

But though the quantity was extremely small, it was found to 
account for almost the whole of the activity possessed by the original 
pitchblende. Thus weight for weight radium was found to be nearly 
million times more active than uranium, />., 1 mg of radium produced 
as much ionisation as about 10° mg of U. 

Later researches proved that radium had an atomic weight of 
226, and filled a vacant place (No. 88) in the Periodic Table. As 
noted already, it is divalent, and belongs to the group Ca, Sr, Ba. 

The discovery of radium is a landmark in the history of science. 
It placed for the first time in the hands of investigators a substance 
with the aid of which the study of this interesting phenomenon could 
be carried much further. 

48. Other Radioactive Bodies. —Following the discovery 
of radium from pitchblende, this mineral was subjected to more 
critical examination for detecting the presence of any other active 
substance which may possibly be present in it. The idea was 
immensely fruitful, as it led to the discovery of several radioactive 
bodies such as, actinium, polonium, ionium and radiolead. 
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Actinium was obtained by Debierne in 1899, precipitated with 
elements of iron group from U-residues. Later on (1900), the same 
substance was discovered by Griesel from pitchblende and separated 
with the rare-earth element lanthanum. It was found that actinium 
emits a radioactive emanation whose activity dies out in a few seconds 
from its separation. Hahn and Soddy discovered independently in 
1917 that actinium is always associated with another active substance 
Protoactinium y which is believed to be the parent of Ac. 

Polonium was first separated by Mine Curie in 1898 from U 
minerals and named after her mother country Poland. It was found 
to possess the striking property that its activity is not permanent like 
that of Uranium, Radium or Thorium, but the substance decayed in 
activity in a few months. The radiations emitted by this substance 
was seen to produce very intense ionisation, but the ionisation ceased 
beyond a few millimeters from the source. Polonium is however 
many times more active than Radium. 

Besides these elements, a large number of other radioactive 
substances including an isotope of lead (radio-lead) and some gases 
(radium emanations) were discovered. They were however not very 
permanent in activity. It is well-known that they originate from the 
disintegration of one or other of the active substances already men¬ 
tioned. Even the elements U, Ra and Po are perhaps genetically re¬ 
lated to each other. We shall return to these in §§60, 61 of this chapter. 

49, On the Physical Nature of Radiations from the 
Radioactive Bodies. —The discovery of radium placed in the hands 
of investigators a very powerful and convenient material for the 
further study of the Becquerel rays. It was shown by Le Bon and 
Rutherford that the radiations are complex in nature, and consist of 
three different types, to which the names a, (i, and Y-rays were given. 

(1) The a-rays : The a-rays are very easily stopped by obstacles ; 
even iV mm. of Al-screen is sufficient to cut off the a-rays. This is 
shown by an abrupt fall of the ionising powers of the radiations—in 
fact the ionisation is reduced to one hundredth part of its value. This 
shows that a-rays are mainly responsible for the ionisation of the 
gas. Later researches (see §§ 68, 69) showed that a-rays are positively 
charged particles, having its mass equal to four times the mass of a 
hydrogen atom, and its charge equal to twice the charge on the 
electron. It is in fact identical with the helium atom which has lost 
two electrons. The velocity with which the a-particles are emitted 
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is found to vary from 1 *4 X I 0 9 to 17X10 9 cm. per sec., depending 
upon the source, but the velocity of a-rays emitted in a particular 
disintegration has always the same value. 

(2) The (3-rays: Even after the a-partioles are cut off*, it is 
found that the residual radiation possesses a small ionising power. 
This is due to the (3-particles. These particles were found to be 
identical with electrons, but possessing enormous velocities which 
sometimes may be as high as ’98 r. The (3-rays are completely cut 
off by one cm. of Aluminium. 

(3) The y-rays: Even after the (3-ra\s are cut off, there are 
rays which cause some ionisation, about joino part of the* original 
amount. Sometimes even very thick sheets of matter do not com¬ 
pletely stop them. They are named y-rays, and have been found to 
be not corpuscular at all, but electromagnetic in nature like light 
and X-rays. In fact they arc only a penetrating form of X-rays. 

The proper choice of the thickness of the absorbing medium, 
therefore, gives us a means of isolating one particular kind of radia¬ 
tion to the exclusion of others. 


The fundamental difference in the nature of the three types of 
rays is clearly exhibited by their deflections in the magnetic field. 

Suppose a quantity of radium is placed inside a thickwalled lead 
cylinder with a narrow opening which allows the radiations to pass 
upwards in a straight line. On 
applying a strong magnetic field 
at right angles to the plane of the 
paper, the a-rays are slightly 
deflected to one side, the (3-rays 
suffer much greater deflection in 
the opposite side, and the Y-rays 
pass undeviated (Fig 1). From 
the direction of the magnetic 
field and deflection of the rays, 



the nature of the charges carried 
by a and (3 rays can be determined. 


Fig. 1. Magnetic Deflection of a,/?,and K-r&ys. 


50• Characteristic Properties of a, (3, y^ays.— The three 
kinds of radiations emitted from a radioactive substance have some char¬ 
acteristic properties common to them. Thus they all ionise the gas by which 
they are surrounded, they can penetrate different thicknesses of matter, 
they produce photographic action and show many physical, chemical and 
F.1& 
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physiological actions. As instances of the latter properties, it may be cited 
that a-rays very rapidly decompose water; an ordinary piece of soda glass, 
if exposed for a long time to the radiations from a radioactive substance, is 
coloured deep violet, and by continued exposure is almost blackened. The 
property of producing ionisation is mainly responsible for these physical 
and chemical changes. If animal bodies are exposed to these radiations, 
they produce irritation and burns, and sometimes painful sores difficult to 
heal are produced as in the case of X-rays. This is mainly due to the 
penetrating power of these rays. The photographic action of the (3 and 
Y-rays is very pronounced. The a-rays are comparatively inactive in 
producing photographic effect on ordinary plates. 

Another conspicuous property of these radiations is their heating 
effect. It was first pointed out by Curie and Laborde in 1903 that a 
quantity of radium always maintains itself at a higher temperature 
than the surrounding air. It has been estimated that one gm. of 
radium produces about 8*7 X10 5 calories of heat in a year. 

One important property possessed by a and (3 rays is that wlicr 
they are allowed to fall upon zinc sulphide or barium-platino-cyanide 
screens, they produce luminous spots of short durations upon them. 
On observing the surface of the screen by means of a magnifying 
glass, a larger number of scintillations distributed all over the surfaces 
are seen. This property was used by Win. Crookes in an instrument 
called the “ Spinthariscope” for making the a-particles visible. It 
consists of a small speck of Ra placed before a zinc sulphide screen 
which is carried at one end of a short tube, the other end of which 
carries a magnifying glass. On viewing through the glass in a dark 
room against a dark background, the screen is found to be full of bright 
specks of light, which are constantly flashing out and disappearing. 

The ZnS screen is specially sensitive to a-rays, and the bariurn- 
platinocyanide screen to (3-rays. 

51. Simple Measuring Instruments in Radioactivity.— 

The property of the radioactive radiations which is commonly made 
use of in studying the strength and activity of active matters is 
their power of ionisation. Evidently the simplest instrument that 
can be designed on this principle is a pair of insulated plates, between 
which sufficient difterence of potential is maintained by a battery; 
a galvanometer is connected to one of the plates, and one terminal 
of the galvanometer together with one pole of the battery is earthed. 
The full arrangement has been shown (I, §3). The saturation 
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current recorded by the galvanometer gives a measure of the activity 
of the radioactive substance. 

This simple arrangement, however, becomes insensitive for the 
small ionisations produced by a, (3 and y-rays. So special apparatus, 
based on the above principle, have been designed for the three types 
of radiations according to their relative power of ionisation. These 
are known as the a-, (3-, and Y-ray electroscopes respectively. 

(1) The a-Ray Electroscope : This instrument, commonly used in expe¬ 
riments on a-rays, consists of an ionisation chamber (Fig. 2) ABon the lower 
plate of which the radioactive substance is put; while the upper plate A is 
connected to a metal rod C which passes through an insulating plug S and 
carries a thin metal leaf L. The leaf and the part of the rod above the 
ionisation chamber are enclosed in a second chamber. At first the rod C 
is charged to a high potential, the upper plate and the leaf being charged 
at the same time to the same potential. The leaf will be deflected on 
account of mutual repulsion of the charges on C and L. Initially, the 
Reflection of the leaf is calibrated for different 
potentials given to it. Now if the potential 
applied be sufficient, the upper plate and the 
leaf acquire a corresponding extra potential 
due to the charge deposited by the ions. This 
causes a change in the deflection of the leaf. 

The method of calculation of ionisation current 
is the same as in Chap. I, § 4. 

This ionisation in fact is due to all the 
three types of radiations from the substance. 

But the effect due to a-rays 
being many times greater 
than those due to |3 and Y 
rays, the ionisation may be 

considered to be due to Fi * The a - ra - v «^ctrwcoi.c 
a-rays alone. 

(2) (3- and Y -ray Electroscopes : The ionisation pro¬ 
duced by (3-rays is much smaller than that by a-rays. 
Hence the instrument designed for the (3-rays should 
have greater sensitiveness. This is achieved by reducing 
the capacity of the system by a reduction of the size, 
so as to include the ionisation chamber inside the 
measuring chamber itself. The instrument is shown in Fig. 3. The 
chamber is a thickwalled lead vessel provided with an aluminium window 
W at the bottom, which is of such a thickness as to cut off the a-rays 
completely but transmit the (3 and y rays through it. The radioactive 



Fig ft. The /3 and 7 
ray electroscope. 
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substance is placed below W. In other respects the instrument 
resembles the a-ray electroscope. The same instru¬ 
ment can be used as Y -ray electroscope , only now the 
Al-window is replaced by one of such a thickness 
as to cut off both a and (3 rays, and allow only 
Y-rays to pass through. The a-ray electroscope has 
also been modified into a form, in which the 
ionisation chamber is an air-tight vessel provided 
with stopcocks so as to enclose the active substance 
if it is a gas, e.g radium emanation. The chamber 
itself is connected to the earth and forms the lower 
plate of the ionisation system. The other arrange¬ 
ments are as usual. This is known as the •<emanation 
electroscope (Fig. 4). 

Besides the electroscopes, electrometers are also widely used for radio- 
metric measurements. An account of important types of electroscopes and 
electrometers employed for this purpose has been already given in Chap. I. 

52. Other Properties of Radioactive Bodies. —The 

spontaneous emission of the charged particles a- and (3-rays, with 
extremely high velocity from these heavy atoms was a matter of 
extreme surprise to the contemporary physicists. They were at a 
loss to find out the origin and source of this inexhaustible and un¬ 
controllable source of energy. Further studies showed that the pro¬ 
perty of emitting these radiations is entirely atomic , thus confirming the 
early observations of Becquerel. Thus radium emits the same type of 
radiation whether it occurs in the form of chloride, bromide, or sul¬ 
phate, and the intensity is always proportional to the radium content of 
the compound. Secondly, the properties were found to be entirely 
unaffected by the most violent physical changes. Madame Curie and 
K. Onnes found that'the intensity of the radiations from radium 
retained the same value from the temperature of liquid air up to 
1500°C. Thirdly, radium was found to produce heat continuously ; 
in fact one gm. of radium was found to produce heat at the rate of 
nearly 100 gm. calories per hour. We shall discuss this question in 
greater detail (§ 81) later. 

53. Growth and Decay of Radioactivity. —In 1900, a 
further discovery of great value was made regarding the nature of 
radioactive processes. Sir Wm. Crookes found in 1900 that by a single 
chemical process (precipitating solution of a TJ-salt in ammonium 
carbonate, and then dissolving the precipitate in an excess of the 



Fijc. 4. The emanation 
electroscope. 
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reagent) a small residue was left which was found to be photographi¬ 
cally many hundred times more active, weight for weight, than the 
uranium from which it was separated. This and other results, 
taken by themselves, pointed to the conclusion that the activity 
of U was not so much due to the element itself, but primarily to 
some other substance associated with it and possessing different 
chemical properties. To this substance the name UX was given. 
To avoid interference from a-rays when examining its activity, 
the substance under examination was always wrapped up in an 
Al-foil l/lO mm. thick which completely cut off the a-rays. On 
removing the Al-foil, however, before or after the separation of the 
residue, U was always found to give a strong ionisation (due to a-ray 
emission), but the ionisation produced by UX alone was found to 
be negligible. This indicated that TJX probably did not emit a-rays. 

The observation was repeated by Becquercl who showed that 
the active substance is precipitated along with BaCl 2 , mixed up with 
barium sulphate. The precipitate was found to contain all the 
activity, while the original IT was found to be almost inactive. The 
inactive IT and the active substance contained in Ba were then left aside 
for a year and again tested for photographic activity. Now the surpris¬ 
ing observation was made that inactive IT had regained its activity , while 
Ba (or the active matter contained in it) had completely lost all activity . 

The same observation * was made by Rutherford and Soddy who, 
working with Th, isolated minute quantities of an active substance 
which they called ThX from 120 
analogy to Crookes' UX. Us¬ 
ing the ionisation method, they 100 

found that in course of a 
month ThX lost all activity 80 
while the original Th regained 
its activity. The matter was 90 
then quantitatively studied. -i* 

The residue and the inactive ^ 40 
matter were taken separately, 
and their activities were 20 

then plotted against time. 

The curves obtained are o 

shown in Fig. 5. 

The final activity of Th, 
and the initial activity of ThX are taken as 100. The ordinates 
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represent the activities determined by the ionisation current, the 
abscissa represents the time in days. Both curves are irregular for the 
first two days, after which they become regular. It will be easily 
seen from the curves that the percentage proportion of activity 
regained by Th in any given interval is approximately equal to 
the percentage of activity lost by ThX during the same interval. 

It is found that the decay curve can be represented by the 
mathematical formula 

/--=/ oe~ M .( 1 ) 

when 1 J 0 is the initial activity of ThX and / the activity after a time t; 
while the curve of growth can be represented by the comple¬ 
mentary curve 

/=7 0 (1 -c' Xt ) .(2) 

The constant X has the same value in both cases. 

54. Rutherford and Soddy’s Theory of Spontaneous Dis¬ 
integration of Radioactive Bodies. —These facts were explained 
by the hypothesis of spontaneous disintegration which was formulated 
by Rutherford and Soddy in 1902. The hypothesis postulates :— 

(1) Atoms of every radioactive substance are constantly breaking 
up into fresh radioactive products with the emission of a, [1 and y 
rays. The new product has entirely new chemical and radioactive 
properties. 

(2) The process is spontaneous and of the type known in chemis¬ 
try as monomolccitlar, /.e., the rate of breaking cannot be influenced 
bv foreign agencies, but depends entirely on the law of chance. 

Thus if we take A atoms of ThX, and if we suppose that the 

d V 

number dN breaks up in time (It, then is the rate of breaking. 
According to the above postulates we should have 

.(3) 

where X is a constant characteristic of the disintegration. The solu¬ 
tion of (3) is 

N= N 0 e~ Xt 

and ^=-\N 0 e- Xl .(4) 

dN 

The ionisation is proportional to hence (4) explains the decay 
curve of ThX. 
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55. Life of the Atom.—The Half-value Period. —It is dear 
that if the active substance be left to itself then after lapse of suffi¬ 
cient time, it will completely disappear. Now some atoms have 

disappeared in time /, others in time i!+///. _etc. We can therefore 

talk of the average life of the atom. This is 


OO CO 

_ ft dN ^ ft N (/)/. dt _ 1 

J JV 0 J A',, ). 

0 '» 


(r>) 


The average* life is thus inversely proportional to the decay 
constant L 

IJalf-raliu* Period .—The half value period T is defined as the 
time in which the quantity of radioactive matter falls to half its 
initial value. We luivo 


Hence 


Ao 


- \T A^O 

( 9 



•(> 9311 


(«) 


For explaining tlie decay curve of ThX we supposed that ThX 
spontaneously breaks up and transforms itself into an inactive 
substance. Let us now see how it is produced from the mother subs¬ 
tance, vix., Th. 

Experiments have shown that the activity of ThX is due to a- 
rays. Th also emits a-rays, and the percentage proportion of activity 
lost by ThX is almost equal to that gained by Th in any given time. 
Hence we suppose that Th is also breaking up spontaneously producing 
ThX* though its rate of decay is much more slower. Let us now con¬ 
sider a system initially consisting of F 0 thorium atoms. Let the system 
contain after a time t , P thorium atoms and Q ThX atoms, each break¬ 
ing up according to its own rate. This picture corresponds to the 
inactive Thorium which is left to itself to recover its activity. We have 


dP 

dt 


- hP 


dQ 

dt 


hP 


UQ 


The second equation is modified because k\P atoms <*f ThX are 
produced per sec. by the breaking up of Th, and X 2 Q atoms of ThX 
disappear by the breaking up of ThX. We suppose that Th is not 


* ThX has however now been found not to be the direct product of 
Th, but there are a number of intermediate products. 
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produced from anything more fundamental, and the product of ThX is 
inactive. Xi is a very small quantity while X 2 is very large. 

In the steady state, /.c., after the lapse of sufficient time, we shall 
have constant activity, /.e., the rate of production of ThX from Th 


is just equal to the rate of breaking up of ThX. Hence (Kj/fU ^ 0. 

or hP- l 2 Q .(7) 

or P/Q = X 2 /X\ Tj : X > 


or in the steady state, the number of atoms of Th : the number of 
atoms of ThX - X x : t* = Life of Th : Life of ThX. 

When the steady state has not been reached as in Crookes’ 
experiment, we have 

P 0 

and = ~ * 3 <?- 

at 

Solving this equation and using the condition that initially Q = 0, 
we have 

.... ( 8 ) 

A 2 A] \ / 

Since X\ is very small compared to A 2 , we hav(‘ a])proximately 

g= '^r"( 1_c " M ). (9) 

This gives the number of ThX atoms present after a time t 
Now the activity is proportional to the number of ThX-atoms break¬ 
ing up, ?>., to a 2 Q, Hence activity varies as 

UPo(l - e-^) = Q 0 (1 - r" X -4 

Or, denoting activity by 7, we have 

/= h(l - <r A *9.(10) 

Thus eqn. (10) ex])lains the recovery curve of Rutherford and 
Soddy. We rind that the curve represented by (10) is complementary 
to the curve represented by (4). This can also be verified from Fig. 5. 


56. Extension to Successive Disintegrations. —The condi¬ 
tion that ThX on breaking up is converted into an inactive compound, 
may not be in general true. In fact Rutherford proved by studying 
the disintegration products of Ra that the disintegration may 
successively be continued up to 7 or 8 members. We shall now 
give a brief account of his experiments, 
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Radioactive Emanations and Induced Radioactivity. 

The early workers on radioactivity were much puzzled by two 
phenomena, viz., (1) They found that the radioactivity of Th or Ra 
depended to some extent on the presence of air currents in the 
neighbourhood of the source. Thus taking a tube containing Th, 
if an air current is blown across it, most of the activity is found to 
be carried away by the current. (2) The so-called induced radio¬ 
activity, It was found that if a knife*be exposed for sometime to 
Ra, Th or Ac, its surface becomes highly radioactive. But it was 
soon discovered that the term 4 Induced radioactivity 9 by which 
this phenomenon was sometimes designated was misleading, as the 
activity was found to be due to the deposit of some very highly 
radioactive matter coming from the source. 

It was shown that both phenomena can be accounted for satis¬ 
factorily by supposing that all sources of radioactivity give out 
highly radioactive gases which, on coming into contact with a knife, 
or better with a positively charged surface, deposit further highly 
radioactive solid matter. For an account of experiments clearing 
up these points, see Chap. IX and X of Rutherford's Radioactive 
Substances and Their Radiations (1913). 

57. Properties of Radium Emanation. —The properties of 
Ra-Emanation have been studied in great detail by several investi¬ 
gators. It has been shown that Ra-cmanation is a radioactive gas 
of high molecular weight (222), which is chemically analogous to the 
inert gases He, Ne, A, Kr and Xe, and forms the element 86 in the 
periodic classification. It is much more highly radioactive than 
Ra from which it is produced, and it is found to decay with an 
average life of fi’56 days It emits a, (5 and y-rays, but these are not 
wholly due to Ra-Em, but to its products o* disintegration which are 
called Ra A, B, C, D, E, F. Only these products emit y-rays, which 
are not due to Ra-Em. Hence the amount of Ra Em within a sealed 
tube can be estimated by measuring the y-ray activity of the content 
of the tube. 

The radium emanation has been found to be the immediate dis¬ 
integration product of Ra. As Ra (at. wt. == 226) emits an a-particle, 
it is converted to Ra-Em. (at. wt. = 222). The number of Ra-Em. atoms 
produced by a gm. of radium is equal to the number of a-particles 
emitted by radium within the same time. This has been found 
to be q = 3’4 X 10 10 per sec. per gm. of Ra {vide supra). 
Ft 16 
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One Curie of Emanation .—If we take one gm. of freshly prepared 
radium and seal it in a tube, then Ra will go on evolving RaEm, 
which will reach an equilibrium value after a sufficient length of 
time. According to (7) the number N atoms of Emanation present 
in equilibrium with 1 gm. of Ra is given by N =» q/h Since 
1 = 2*085 X 10” “sec.” \ N =* 1*63 X 10 lfi . The volume of this gas 
under N. T. P. comes out to he 0 59 cubic millimeters with a mass of 
5*81 X 10" gm. According to international agreement*, it has been 
decided to designate this unit as one Curie. The practical unit is 
equal to 10” 10 Curie which is sometimes known as one Eman. 

58. Disintegration of Ra-Emanation. —The activity of 
Ra Em and its active deposits {vide table 1) was studied by Ruther¬ 
ford and his pupils for a, (3 and y-rays, jointly and separately, and 
found to be very complex. We cannot enter here into a detailed 
description of the various experiments by which the experimental 
observations were explained, but we shall state only the results. 
Among other facts it was discovered by Soddy and Boltwood that 
radium is not by itself the parent substance to start the series of 
successive changes, but it is genealogically connected to Uranium. 
This element, after a series of a, (3 transformations gives birth to 
radium, which continues the process still further. The entire series 
is therefore known as the Uranium-Radium series. This series is 
illustrated in chart I. The various products of transformation have 
been separated by employing the methods of chemical and physical 
analysis where possible, and in most other cases by the method of 
radioactive recoil. The latter method depends upon the fact that 
when a radioactive element emits, say an a-partiele, in a backward 
direction, it itself recoils in the forward direction with a velocity 
inversely proportional to its mass. If m*, t'i be the mass and velocity 
of the emitted a-particlc, m 2 , r 2 the corresponding quantities for the 
radioactive element, we have niiVi = m%v 2 , v 2 being directed 
oppositely to Vi. The recoil atom in its motion ionises the surround¬ 
ing gas, and it is found that in this process it loses a few of its 
electrons and becomes positively charged. So by applying a suitable 
potential difference between the source and an insulated plate placed 
above it, it is possible to get the recoil atom deposited on the plate. 
By this method it has been found possible to collect in many cases 
the individual radio-elements in a pure state. 


* Radiology Congress, Brussels, 1910. 
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Chart I— Cranium-Radium Series 


M — 4/i+2 



The vertical arrows denote a-ray transformations, and the diagonal arrows (1-ray 
transformations. T- 0 6931/ X sec. For more accurate X-values see table 1 . 

One year - 316.10 7 sec.; 1 day - 8-64.10 4 sec. ; 1 hr. - 3600 sec. 
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Chart II.— Actinium and Thorium Skkiks. 


M = 4m + 3 


M = in 



The vertical arrows denote a-ray transformations, and the diagonal arrows |}-ray 
transformations. T^O'6931/X sec. For more accurate X-values see tables 2 and 3. 


One year - 315.10’ sec.; 1 day = 8-64. 10« sec.; 1 hr. - 3600 sec. 










Table 1.—Radioactive Constants of U-Ra Series. 
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Radium Ra ... 
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* The X values have been taken from the Report of the International Radium-standards Commission , Brussels (1930). 
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Table 3.—Radioactive constants of Th-series. 
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59. Explanation of the Chart. —The whole process of radio¬ 
active transformation is schematically represented in charts I 
and II. The circle round IT (chart I) represents the Uranium 
atom, and so on for various other products of the series. The 
series in chart I is the Uranium-Radium series. The name of each 
product in symbol, its atomic weight and the decay constant 
\ are enclosed within the circle representing the element. Elements 
in the same horizontal row have the same atomic number as indi¬ 
cated in the extreme loft. The transformation from one element 
to another is always brought about by spontaneous disintegra¬ 
tion, which is marked by the emission of an a or a (3-particle, and 
very often the (3-ray disintegration is accompanied by the emission 
of y-rays. The vertical arrows in the scheme denote a-ray disintegra¬ 
tions, while the diagonal arrows represent (3-ray disintegrations. Since 
an a-partielc has a mass 4 mh and a charge+2c, and a (3-particlc 
a negligible mass, and a charge — c, a product of a-ray transform¬ 
ation is displaced two units downwards on the atomic number scale, 
and loses in mass by four units ; and a product of (3-ray transformation 
possesses equal atomic weight with the parent atom, but is displaced 
one unit upward on the atomic number scale. Thus we have for 
uranium I, atomic weight=238’18 and atomic number=92, and for 
uranium Xi which is its immediate a-ray disintegration product, 
atomic weight=234 and atomic number=90. The same relations may 
be verified between radium and radon (which is also called radium 
emanation) the a-ray disintegration product of Ra. Again for 
radium B, atomic weight=214 and atomic number=82, and for its 
immediate (3-ray transformation product RaC / 'the corresponding 
quantities are 214 and 83 respectively. 

The constants for the various products of the series, with their 
full names and symbols are given in table 1. The type of disintegra¬ 
tion each product undergoes is shown in column 4. The decay 
constants and half-value periods are shown in columns 5 and 6. In 
case of a-ray disintegrations, the extrapolated ranges of a-rays {B a ) 

are given in column 7. The energy of the a-particle, and that of the 
disintegration with recoil are respectively given in columns 8 and 9 
of the table. It will be seen that T which is a measure of stability 
of the element varies between 4*5 X10* years and 10“° seconds and X 
varies from 4'9X10’ ,W to 10°, for radioactive processes so far known. 

Chart II represents other two series of the radioactive family, 
vix., the actinium and the thorium series. They will be dismissed 
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in § 61. The three series begin with the atomic weights 4w+2, 4n +3 
and 4 n respectively, where n denotes an integer. 


60, The U-Ra Series .—We slmll now discuss the chart in greater 
detail. The transformation of U to UX is attended with the expulsion 
of sin a-particle. The element UX now undergoes a (1-ray transformation 
in two different ways : 

90 91 92 90 88 

(1) UX|-+UX 2 -*-UI[-*-Io->Ra 

P p a a a 

90 91 92 

(2) UX,->UZ(‘?)—Uir 

P P 


These are represented by the two diagonal branches starting from 
UXi. The first of the two branches is the main series of changes to 
which 9965% ofUXi contribute, while only 0*3*3% of UXi takes part in 
the second. Both of these give the ultimate product UII ; the interme¬ 
diate products of the two branches, UX 2 and UZ* (?), are chemically 
identical, hut they differ widely in their half-value periods (1*14 min. and 
6*7 hrs. respectively). The product UII is an a-ray body like ITI itself. 
In fact the two are chemically inseparable and differ only in atomic 
weights. It was at one time thought, as the result of an observation by 
Boltwood, that UI emits two a-particles instead of one; but now it is known 
that the second a-particle comes not from UI, but from UII, which is thus 
transformed into a new element Ionium . In 1907, the element ionium 
was first isolated by Boltwood, who showed that this was the parent of 
radium. 

We now come to radium and its family. The genealogical relation 
of Ra with U has been clearly shown in the above discussion. The 
disintegration product of Ra is radium-emanation, or radon a gas 
whose property has been discussed in § 57. Further products of the 
series are : 


88 bG 84 82 

Ra-*Rn Ra A—►RaB^* Ra( 

a a a (3 


83 

81 


84 82 

RuC'-t-RaD- 


RaC" 

P 


82 

►RaD. 


83 84 82 

►RaE-*RaF-*RaG 

P a 


The elements RaA, RaB, RaC are characterised by short lives, while 
RaD, RaE, RaF possess quite long lives. The breaking up of RaC is 

* UZ was discovered by Hahn in 1921, 

F. 17 
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interesting. It is a dual disintegration of both a and |3 types, shown by 
the two branches of the above scheme. 99 96 % of the total amount of RaC 
breaks up with the expulsion of a P-partiele giving RaC', which again 
breaks up with the expulsion of an a-partiele and forms RaD. On the 
other hand 0*01% of RaC undergoes a-ray disintegration giving the 
product RaC", which finally breaks up after emitting a (3-particle and 
forms RaD. Thus the sequence of transformation in one branch is 
reversed compared to that in the other. 

The element RaD has the atomic number 82 and is identical in 
chemical properties with Pb. RaD is therefore identified with Radio-lead , 
discovered in uranium minerals in 1901. Further, it has been found 
that RaF is identical with the element polonium discovered by Mine. 
Curie in 1898 ( ride §48). The last product of the series is RaG which is 
inactive. It is again identical with ordinary lead. Rut for indicating its 
origin, it is commonly described as Uramo-lcad. 

It should be remarked here that the positions of the products UZ and 
UY* in the table are not very certain. The same nun arks apply to the 
transformation UII->Pa. This is indicated by the sign of interrogation 
against them. In fact the production of Pa having an atomic weight 281 
and atomic number 91 from UII having the atomic weight and number 
234 and 91 seems highly improbable, unless we assume the emission of a 
particle of mass 3 and charge 4- 1 at one stage. There is yet no proof 
of the existence of such a particle from any other source. It is therefore 
supposed that Pa originates from an isotope of U called Actino-nraniumf 
having atomic weight 235 and atomic number 92, The process 
may be 

a (3 a (3 

92U(235)^90UY (231)->91 Pa (231)-*89 Ac (227). 

The process is then continued to the Ac-series. 


61. Actinium and Thorium Series. —Besides U-Ra series, 
there are two other series of successive disintegrations. These are the 
Th-series and Ac-series one of which (Th) at least is unrelated to the other 
two. They are represented in chart II and their constants are given in 
tables 3 and 2. As they are given on exactly the same lines as U-Ra 
series, they require no further explanation. It is rather striking to note 
that here again dual disintegrations of both a, (3 types occur in Thorium C 
and Actinium C, each of which breaks up into two distinct ways. These 
are shown separately in schemes A and B below. 


* UY was discovered by Antonoff in 1911. 
f Western and Ruark, Phys. Rev., 44, 675, 1933 
and Collie, Proc. Roy. Soc. A, 139, 567, 1933, 


See however, Gratias 
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There is but one difference that while in U-Ra and Th series, in the 
dual disintegration of “C” products, it is the {{-disintegration branches 
which are main lines of products, in the Ac series, the a-disintegracion 


Th 


C 




Th C"-*ThD 

P 


P\ 


Th C'-+ThD 


a 


(A) 


Ac C 





Ac C"-Ac D 

P 


Ac C'-*Ac D 


a 


(H) 


branch predominates. The final products ThD and AcD of the two 
series are again inactive and identical with Pl> (82). They are described 
as Ihorio-lcad and actinio-lead respectively. It may be mentioned here 
that recently Aston* has verified the three important isotopes of Pb 206, 
207 and 208, and a very faint isotope 210 (RaD?) by the mass-spectrograph. 

It remains now to discuss if the element Ac is genealogically related 
to the U-Ra series. This is an interesting question, but unfortunately 
the position is not very certain. According to one view the element UY 
which is possibly a branch product of UXi (see chart I) is the parent of 
the Ac-series, and the newly discovered element Protactinium is the 
intermediate product between UY and Ac. Extreme weakness in activity 
of Ac and its products has again led to another view that Ac has its 
origin in an isotope of U occurring in a relatively small proportion. This 
hypothesis has already been discussed at the end of § 60. 


62. Soddy and Fajans’ Displacement Law: Radioactive 
Isotopes. —With the clearing up of the ideas of successive transfor¬ 
mations, attempts were made to study the physical and chemical 
properties of the products in greater detail in order to fix their 
positions in the periodic table. It was very soon found that 
many radioelements could not be separated from each other or from 
some common element by the methods of chemical analysis. 
Thus McCoy and Ross found that Rd Th (Radiothorium) and Th 
were chemically inseparable, and so also were Ra and MsTli (meso- 
thorium) as pointed out by Soddy and Marckwald. Similarly in spite 


* Aston, Proc. Roy . Soc. A. 140, 535, 1933. 
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of numerous investigations Ra D has not been separated from Pb 
with which it occurs in the analysis of [J-minerals. This early led to 
the view* that the two elements of each such pair, a parent and a 
product, e.g.j RdTh and Th, or RaD and Pb, do not differ at all 
in their chemical properties, that is, they must be placed in the 
same vertical column in the periodic table. What is then the 
connection between the chemical property of a product and the 
ray emitted by the parent element? This question first occurred 
to Soddy and Fajans, and was satisfactorily answered by them. 

From a scrutiny of the chemical properties of the successive 
products of a disintegration series, Soddy and Fajans arrived at 
results of wide generalisation. They can be stated as follows :— 

(a) When a radioactive atom emits an a-particle, it is converted 
to another element whose valency is less than that of the parent 
substance by 2, or its place in the periodic classification is shifted 
by two places to the left. Thus Ra on emitting an a-particle is 
converted to RaEm. The valency of Ra is 2, the valency of RaEm 
is zero. The atomic number of Ra is 88, that of RaEm is 86. The 
atomic weight decreases by 4 in this process. 

(b) When a radioactive atom emits a (3-particle, it is converted to a 
new element whose valency is greater than that of the parent substance 
by 1. The place in the periodic tablets shifted’by one position to the 
right. Many examples will be found in charts I, and IT. The 
products of the three series can all therefore be placed in their res¬ 
pective positions in the periodic table, as shown in charts I and II. 

A scrutiny of the charts shows that there are many radioactive 
elements in the same horizontal row, and therefore possessing the 
same chemical properties, but having entirely different atomic 
weights, e.g., in the group marked Ha, we have Ra, ThX, AcX, MsTh, 
all having the atomic number 88 and they are all divalent. 

This raises the possibility that atoms having the same chemical 
properties may have different weights. Such atoms are said to 
form isotopes . Thus RaB, RaD are all isotopes of lead. 

SECTION 2 

Properties op cx-Rays 

63. Nature of a-Particles. —Of the three kinds of radiations 
from a radioactive substance, the Y~ ra y s have been found to be 


*Soddy, Trans. Chem . Soc., 99, 72, 1911. 



§64 J MAGNETIC DEFLECTION OF a-RAYS 133 

electromagnetic in character like' light, while a and (3 rays have been 
found to be charged material particles. The (3-rays are very light 
and from the direction of their deflection-in a magnetic field were early 
found to possess a negative charge. But evidences regarding the* 
nature of a-rays could not be obtained so easily. This was partly 
due to their photographic inactivity compared to the (3-rays and 
partly to the fact that they 
were unaffected by ordinary 
magnetic fields which were 
sufficient for causing deflection 
of the (3-particles. It is now 
known that this was due to the 
greater mass of the a-partieles. 

The earliest attack on the prob¬ 
lem was due to Rutherford 
in 11)03. He allowed the a-rays 
from radium to pass through 
a large number of parallel 
vertical slits (I, separated by 
a distance of 1 mm. into an 
evacuated chamber V contain¬ 
ing a charged gold leaf B. 

( Vide Eig. 0). The effect was the rapid collapse of the leaf, due to the 
ionisation of the air by a-rays. But on applying a strong mag¬ 
netic field parallel to the slits, a marked diminution in the rate of 
collapsing was noticed. Evidently some of the a-particles are deviated 
from their course and prevented from entering the chamber. In 
order to avoid the absorption of a-rays in the gas RaEm emitted 
by Ra, a steady flow of hydrogen was maintained through the apparatus 
which removed tin* emanation. 

64. Magnetic Deflection of a-Rays. —Accurate measure¬ 
ment of magnetic deflection of a-rays was made by Rutherford and 
Robinson* in 1914. They found that ordinarily a radioactive 
substance gives a rays of wide range of velocities which render the 
magnetic deflection uncertain, and a homogeneous source of a-rays 
was essential for any precision measurement. For this purpose they 
took a platinum wire which had been exposed for a long time to the 



Fijar. tt. Magnetic deviation of arrays. 


* Rutherford and Robinson, Phil. Mag 28, 552, 1914. 
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radioactive gas radon and had thus obtained a thin deposit of RaA, 
RaB, RaC over it. The a-rays from such a wire at A (Fig. 7) were 
allowed to pass through a narrow slit at B parallel to the wire (perpen¬ 


dicular to the plane of the paper) and received 
on the photographic plate C. The enclosing 
chamber was evacuated. A strong uniform 
magnetic field, parallel to the slit, was applied 
by means of a large electromagnet, which 
deviated the a-rav beam to one side as 
shown in Fig. 7. Two deflected bands due to 
direct and reversed magnetic fields were 
obtained on the photographic plate. If 2d = 
distance between the bands, b ~ distance 
between the source and the slit, ^-distance 
between the slit and the plate and p = radius 
of curvature of the beam, we have, when d is 



FJg. 7. Magnetic deflection 
of a-ray«. 


small 


2pd ws (a + b) a 

Taking K = charge carried by an a-particle and M 
and u = the velocity of the a-particle, we have 


Mur Ha (a + h) 

= rip - —■ 


its mass, 


(id 


where 11 — the applied magnetic field. Using n = 6'54 ems., 

b — 6'618 cnis., the deflection was 2d = 13*63 mm. for a field of 

1 r 

6236 gauss. In this way a mean value of = 8*983 X 10 5 was 

obtained. An actual photograph of curved a-ray tracks in a high 

magnetic field is shown above in Plate II (Fig. 8). This is due to 
Kapitza*. 


65. Deflection of ct-Rays under Electric Field. —The electric 
deviation of a-particles was measured with precision by the same 
authorst in 1914. At a distance suitable for obtaining appreciable 
electric deflection the intensity of a-rays from the wire-source being 
too weak, they used for the source a thinwalled a-ray tube filled with 
radon. A uniform difference of potential was maintained between 
two large strips of silvered glass plates A B (Fig. 9) with their planes 
vertical and parallel to each other. The a-ray tube 8 was held 

* Kapitza, Proc. Roy. Soc., 106, 602, 1924. 
f Rutherford and Robinson, he. eit. 
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centrally near one end of the plates, the other end of which 
carried a narrow mica slit L. The whole 
was enclosed in an evacuated glass tube 
closed at the ends. The a-rays from S 
on passing between the two plates traversed 
the electric field and were received on the 
photographic plate 1\ Two bands were 
obtained, one on reversing the electric field, 
and the other with direct field. It I) — the 
deflection of a band from the centre under a 
potential difference 1" between the condenser 
plates, / m distance of the photographic 
plate from the end of the condenser plates and 
d the distance between the plates, then 


Ma 2 e 

E 


8 _Vl 2 _ 
(D-d ) 2 


( 12 ) 


With an electric field of 2000 volts and the 
distance between the condenser plates about 

Mtrc 



4 mm., it was found that the value of 
was of the order 0 X 10 11 . 


E 


Fig. U. Electric deflection of 
a-rays. 


66. -jyi for a-rays. —From combined observations of the (dec- 


trio and magnetic deflections, the value of EjM for a-particles can 
be calculated using the equations (11) and (12). In actual experiment, 
the source is a mixture of three substances Radon, Ita A and Ra C, 
so that the plate shows for magnetic or electric experiment three 
bands on either side of the central band. The results calculated 
for the three substances from these have been shown in Table 5. 


Table o. EjM for a-rays. 


Source of rays. 

Experi¬ 

ment 

Mur 

E 

Mu 2 r 

' W 

i 

Ra C 

1 

3-555 X10 6 

6-033 X10'" 

4813 


2 

3555 

6110 

4826 

Ra A 

1 

2-941 

4-174 

4824 


2 

2-941 

4-185 

4837 

Radon 

1 

2717 

3-560 

4822 


2 

2-717 

3563 

4826 
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The values of E/M for the a-particlcs from the three sources are 
found to be constant within the limits of experimental errors. The 
results of a few accurate determinations for Rii C gives a mean value 

4820. For the hydrogen ion -—=9650, which is nearly double 
" w? H 

the value for a-particles. This opens out three possibilities, namely, 

(1) E=e, M=2m n , (2) (3) E=2c, il/=4w„. Again 

Briggs* calculated the ratio for the helium nucleus and has 
obtained a value 4820. This agreement lends evidence in favour of 
the last possibility, which makes an a-particle identical with a doubly 
charged helium ion (/>., He ++ —nucleus). The question was 
finally settled by an actual determination of the charge carried by a 
single a-particle simultaneously by Regener, and by Rutherford and 
Geiger. The experiment consists of two parts. In the first part, the 
total number of a-particles omitted from a radioactive substance 
per gram per sec. is obtained, and in the second part, the total 
charge carried by the a-particles is determined. 

67. Counting the a-particles. —This was done almost simult¬ 
aneously by Regener, and Rutherford and Robinson. RegenerVi" 

apparatus is extremely simple and 
is shown below (Fig. 10). 

In this method, the number 
of scintillations produced on a 
sensitised screen by a-particles is 
counted. As sensitive screen, 
Regener used a thin crystal plate 
of zinc blende, ora diamond crystal 
plate P of *1 mm. thickness; the 
scintillations are observed by a 
microscope M (magnification 170, 
aperture fjV 40). The radioactive 
source is a thin preparation 
of polonium (RaF) which gives 
only a-particles. These go out 
through a definite solid angle and 
Fig. io. Rcgener'B apparatus. are received on the plate. The 

* Briggs, Froc. Hoy . Soc. A, 118, 549, 1928. 
f Regener, Verh. d . IX Phys . Ges ., 19, 78, 351, 1908, 
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total number of a-particles emitted per sec. can be easily cal¬ 
culated by counting the number of scintillations in a definite 
time. Independent evidence has shown that each a-particlc produces 
only one scintillation on a diamond plate. 

Let R be the distance of RaF from the crystal plate, /’^surface 
of the crystal, number of scintillations observed in time t, then 
n the number emitted per sec. is given,by 

u' 2xR 2 
" t f 

Using 77=127 mm. Regener obtained in an experiment //~3'935X10 5 . 

The amount of radioactive substance present can be determined 
from its y-ray activity. So the number of a-particles emitted by the 
source per gm. per second can also be calculated. This is an 
important physical constant, and for Ra the value of this quantity 
is (?=3*5X10 10 

If the total charge carried by the n a-particles now be determined, 
the charge on one a-partiele o a would be obtained on dividing the 

total charge E by v. Thus using 7?=3‘77. 10" 4 (see §68), 
e a = 9'58X10" 10 e. s. units ± 3% 

from which it is apparent that the charge earned is 2 X charge on the 
electron . 

Electrical methods of counting, which depend upon the ionising 
power of a-rays at low pressures, were subsequently developed by 
Rutherford and Geiger. An account of these methods and their 
further developments by Geiger have already been given (I, §13). 

68. Charge on an a-particle — We now proceed to 
the method of determination of charge of an a-particle. This 
was done by Rutherford and Geiger* (1908) by measuring the 
total charge carried by a definite number of a-particles 
emitted within a given solid angle. The constant (,K that is, 
the number of a-particles emitted per second per unit 
gramme of the active substance was known by the methods in 
§ 67. To determine the corresponding charge, the apparatus in Fig. 11 


♦Rutherford and Geiger, Proc. Roy . Soc, A, 81 , 141, 1908. 
F, 18 
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was employed. A known amount of radioactive substance Ru 0 was 

placed at R. The a-rays first pass 
through the A1 foil B and then fall 
upon the plate CA, the lower portion 
of which is covered with a thin A1 
foil. The whole apparatus is placed 
in a strong magnetic field which 
deflects the (3-particles from Ra C, as 
well as 8-particles (recoil electrons), 
so that they do not disturb the 
measurements. The apparatus is 
highly evacuated, and the current 
between CA and B measured. The 
number of a-particles falling on the 
plate per second is known from the 
y-ray activity of Ra C (§ 67). 

The strong magnetic field com¬ 
pletely eliminates the effect due 
to [3 and 8-rays and charges the 
upper plate positively whatever may 
be the charge on B. The plate B 
is first given a positive potential 
4- F, then a negative potential - F. Let /i and / 2 be the observed 
currents in the two cases and / 0 be the current due to the residual 
ionisation of gas. Then 

i\ = >t( a + n 



Fig. 11. Arrangement for measuring the 
charge on an a-particle. 


i 2 — ne a — to ' 

where number of a-particles falling on the upper plate per sec., 
e a = charge on each of them. Thus, we have 



n can be obtained as in § 67. Thus the charge carried by ail a- 
partiele can be calculated. The value obtained in this way is 

e a = 9*30X10' 10 e. s. units. 


But the charge on an electron i§ e = 4*77X10' 10 e. s. u., 
which is very nearly equal to half the above value. From this 
it is apparent that the charge carried by an o.-particle is twice the 
charge mi an electron . 
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69. The a-particle and the Helium atom.—From § (>8, we 
have thus 

c a = 2c 

and —° = 4823 = - e 


Hence 


particle is four times the mass of the 


i.c ., the mass of the a-particle is 
H-atom. 

From these measurements, it 
appears that the mass of the 
a-particle is equal to the mass of 
the helium atom. This gave rise 
to a strong suspicion that there 
was very intimate connection be¬ 
tween a-rays and helium. The 
suspicion was further strengthened 
by the knowledge, that almost 
all radioactive minerals contain a 
certain quantity of helium. This 
receives an easy explanation if 
we suppose that the helium is of 
radioactive origin, and is formed 
due to the conversion into helium 
of a-particles emitted through ages. 

The identity of a-particles with 
helium was definitely demonstrated 
by Rutherford and Royds* by the 
following experiment (Fig. 12). 


A is a thin glass tube less than n \\ ^ 

*02 mm. thick. It was surrounded by - \) \S*— 

a wider Uihe T, which ends in the Flg 1S . RoU “’ford aild ««,<>’, 
capillary V. Within A we have about 

100 millicuries of radium emanation. T was evacuated. The a-particles 
of the emanation and other active deposits flow through the glass surface 
of A into the outer tube T, and stick to the surface of T. In process of 
time the a-particle diffuses into the volume of T, and can be collected in 
V for spectroscopic examination by raising the mercury. After two 



Fig. 12. Rutherford and Royd’n Apparatus. 


♦Rutherford and Royds, Phil. Mag . 17,281, 1909. 
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(lays, the yellow line of helium 7was visible, and in a few days all the 
lines appeared strongly in the sped rum. 

Blank experiments were performed to show that ordinary helium 
introduced in A could not diffuse through the glass walls. 

It may be mentioned that the a-particle is not quite identical with 
the normal He-atom, but it is equivalent to the He-atom which has lost 
two electrons. We shall see later that it is identical with the helium 
nucleus . 

70. Absorption of a-particles in their passage through 
matter—the Range of a-particles.—It has been already men¬ 
tioned that a-rays from Ra are completely absorbed by a thickness 
of a few cins. of air. The thickness of Al required to stop completely 
a-rays of a definite velocity is much less, and in fact the thickness 
depends entirely on the nature of the absorbing medium. The earlier 
studies on the absorption are due to Rutherford and Mrne Curie, but 
a thorough experimental and theoretical study of the absorption of 
a-rays by matter is due to Bragg and Kleeman (1904). Bragg ex¬ 
plained the mechanism of the absorption process as follows: 

The a-rays from a thin layer of radioactive substance arc 
emitted with a definite velocity. But as they are allowed to traverse 
through matter, they gradually transfer their kinetic energy to the 
neighbouring molecules by collision with them, and are ultimately 
completely stopped. The energy thus lost is expended in producing 
ionisation in the medium. When the a-particle has lost most of its 
energy, it may capture one or two electrons and get neutralised. 
The ionisation, therefore, ceases completely beyond a certain distance 
from their source when the a-rays lose all their energy and probably 
get neutralised. This limiting distance is called the Range of the 
a-particles. Bragg arrived at this conclusion from an experimental 
study of the ionisation of an a-particle at different points of its 
track. 

The method employed by Bragg for this investigation was quite 
simple. He took a thin pencil of homogeneous a-rays from a radio¬ 
active substance. Two parallel metal gauzes separated by a small 
distance were then placed at any point of the pencil of rays. By 
applying a suitable p. d. across the gauzes, and shifting the gauzes at 
different parts of the pencil along its length, the saturation current 
between them was measured. This gave directly the ionisation 
produced by the a-rays at different points of their track. The form 
of the ionisation curves for a-rays from Po and Ra C* as obtained by 
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I. Curie by this method is shown in Fig. 13, in which distances from 
the source have been plotted as abscissae and the corresponding 
ionisation observed as ordinates. It is seen that the ionisation at first 

1*0 

0*8 

co*<; 

2<M 

02 

0 

0 1 2 3 4 5 6 7 7*5 

‘Distance in cm. of air at 760 mm. pressure and 15 °C 
Tig. 13. Ionisation Curves for a-parU it*s 

increases with the distance along the track of the rays, it then 
reaches a maximum and then suddenly drops almost to zero. The 
distance corresponding to the zero ionisation gives the range of 
the a-partieles. Thus for Po, the range is 3*81 cm. and for Ra C\ it 
is 7 cm. from the curves. 

It will be observed that the end of the ionisation curve where it 
approaches the abscissa terminates in a pronounced tail. This part 
of the curve has been more carefully investigated by Henderson,* 
Marsden and Perkinsf, Feather and Ninimoi and others. It is now 
clear that the actual range of the particles should be determined by 
extrapolating the straight line* part of the end curve and observing 
where it cuts the abscissa. The range thus obtained is known as the 
extrapolated range . The point where the tail cuts the x-axis 
determines the maximum range of a-rays. The tail actually re¬ 
presents a more complicated phenomenon known as straggling , and 
it is supposed to be due to a-rays behaving in a complicated way at 
the end of its track, though during the initial stages, the behaviour 
of all a-rays is identical. 

It is to be noticed, that the picture of absorption presented 
above differs fundamentally from that of cathode-ray absorption 

♦ Henderson, Phil Mag., 42, 538, 1921. 

+ Marsden and Perkins, Phil. Mag., 27, 690, 1914. 
t Feather and Nimmo, Proc. Camb. Phil. Soc ., 24, 139, 1928. 
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where, oil account of the lightness of the cathode rays, they are 
continually arrested in numbers at every point of the beam, and 
finally are completely stopped. In the case of a-rays, the pheno¬ 
menon refers to each of the individual particles, the number of 
particles projected from the source proceeds undeviated each to the 
end of its range, and the cessation of ionisation is due to a gradual 
loss of energy of each particle. 

The range of a-particles depends strictly on the velocity with 
which they are projected from the source. The actual relation 
existing between the range R and velocity v was investigated by 
Geiger in 1910, who expressed it by the formula 

v s = all .(13) 

where a =^a constant. This formula was found to hold approxi¬ 
mately over a wide range* of velocities up to *5 of the maximum 
velocity. Below this limit the* photographic as well as the 

scintillation methods usually employed become insensitive and 

the observation is complicated by the effect of large angle scattering 
of a-rays, which will be discussed just now. Accepting Bragg’s 
assumption that the ionisation produced in the passage of rays is 
proportional to their loss of energy, we have, since 

v 2 cc 

and Koc It* 

.« r dE 1 

therefore, — °c J x ! 8 oc — x 

an r 

Thus the ionisation produced by an a-partiele at any point in its 
track is inversely proportional to its velocity at the point. This 
gives also a method for the determination of total ionisation produced 
by a rays from their range.* 

The range of a-particles can be reduced by placing a uniform 
screen of some material over the source. Thus a-rays from RaC have 
a range of 7'06 cm. of air at 20°C and 760 mm. pressure. Suppose the 
range is reduced to 5 cm. by inserting a uniform Al-scrcen over RaC of 
a few mm. thickness. The air equivalent of the range by which it is 
reduced (2*06 cm. in the present case) is called the stopping poww of 

* For recent works on this subject see H. Ziegort, JZs. Phys., 46, 
668, 1928. 
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the material (Ai), and it depends upon the thickness of the screen 
and atomic weight of its material. 

71. Direct Determination of the Range.—The soundness 
of these views regarding the passage of a-rays through air is very 
beautifully illustrated in C. T. R. Wilson's method of actually ren¬ 
dering the path of individual rays visible (I, §12). Some of the photo¬ 
graphs of the a-ray tracks in air are shown in Plate II, Figs. 14 («), 
(b) and (15). These are foi a-rays from ThC and have been taken 
from the original papers of Meitner and her co-workers. It will be 
seen that the tracks terminate abruptly beyond a certain distance, 
which clearly shows the ranges of the particles. 

It has already been explained (§61) that ThC undergoes a dual 
disintegration of (a, (3) type according to the scheme 

The" —!—Till) 

a y 
ThC > ‘ 

? ThC l{=8 6cm ThP 
a 

The a-ray from ThC itself has a range of 4* * * § 8 cm. The (3-ray product 
ThC / also emits an a-ray having the range 8*6 cm. Fig. 14 (a), ( b) 
is a stereoscopic Wilson cloud-chamber photograph of a-ray tracks 
from ThC obtained by Meitner and Freitag. It clearly shows two 
groups of tracks corresponding to the a-rays of the two types. Besides 
these, Rutherford and Wood* and later Meitner and Freitagf have 
observed another rare group of a-rays from ThC+C / having the range 
ITS cm. The latter^ have detected also a new group of a-rays of 
range 9*5 cms. The number of both of these groups of long range 
a-particles is extremely small as is apparent from the disintegration 
hypothesis. In fact Meitner has estimated that out of 10 b a-particles 
from ThC + C', about 200 particles have a range of 11*5 cm. and only 
70 have the range 9*5 cm. Fig. 15 represents these rare phenomena 
as observed by the cloud-chamber method?. The two very long 
tracks on the extreme left and right are of 11*5 cms. rang*\ and the 
shorter one is of 9*5 cms. range. 

* E. Rutherford and A. B. Wood, Phil. Mag . (6), 31, 379, 1916. 

+ Meitner and Freitag, Zs. f. Pkys 37, 481, 1926. 

f Meitner and Freitag, loc. tit. 

§ Meitner, Naturwiss ., 12, 634, 1924. 
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Similarly long range a-rays have also been detected from RaC*. 
The origin of these rays has been a subject of much discussions which 
throw light on the problem of nuclear structure. It will be discussed 
fully in the chapter on Nuclear Physics. 

Quantitative measurements of the range of a-partieles have also 
been made from these photographs. The results obtained are in good 
agreement with those of other methods. 

72. Other Methods for the Determination of the Range.— 

Besides the ionisation method and cloud-chamber method, the scintillation 
method has also been sometimes employed for the determination of range. 
The method is practically the same as that of counting a-partieles by the 
spinthariscope (§50), only the distance of the screen is made variable. This 
method however becomes unworkable when a very weak source of a-parti- 
cles is available. 


Geiger and Nuttall’s Method. 

For such cases a method originally employed by Geiger and Nuttallf 
is useful. This is illustrated in Fig. IG. A spherical glass bulb A is coated 

inside with silver. The active substance in the 
form of a thin film is deposited at B the centre 
of the bulb, at one end of a metal rod R. On 
applying a high potential between A and B. 
the ionisation current between them for any 
pressure inside the bulb can be noted by an 
electroscope. Observations are made at differ¬ 
ent pressures of air in the bulb. The result 
obtained is shown by means of the curves in 
Fig. 17, in which the pressures are plotted along 
the x-axis and the corresponding ionisations 
along the y-axis. It will be seen that the curves 
take a sharp turn at one point, after which they 
are parallel to the x-axis. At low pressures, the 
ionisation increases directly as the pressure. 
But for a certain critical pressure the ionisation is maximum and does not 
change with further increase of pressure. At this critical pressure, the 
a-particles just stop at the side of the bulb, so that they have pro¬ 
duced the maximum ionisation possible before actually touching the 
sides of the bulb. The radius of the bulb then gives the range at the 

* Philipp, Zs. f. Phys. 52, 759, 1929. 

f Geiger and Kuttall, Phil. Mag., 22, 613, 1911; 28, 445, 1912. 



Fig. 16. Geiger and NuttaU’* 
apparatus 
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critical pressure. Since the range is inversely proportional to pressure, 



0 8 l(i 24 22 40 18 


Pressure 

Fig. 17. 

the range at N. T. P. can also be deduced from that at the critical pressure. 


Geiger's Method. 

This original method of Geiger and 
Nuttall (1912) has been modified by Geiger* 
(1921) so as to obtain greater accuracy in 
the determination of the range. The 
principle of the method can be under¬ 
stood from Fig. 18. 

R, R.. .is the plate on which the active 
matter is deposited. The latter is 
wrapped up in a thin film of mica 
so as to prevent the escape of any 
active gas from it. 

Z 2 ... is the lower cham ber. 

Zi ...is the upper chamber which en¬ 
closes an electroscope M. 

AB ...is the metal plate which separates 
Zj from Z 2 . It is perforated at 



Fig. 18. Geiger’s Apparatus. 


* Geiger, Zs. f. Phys., 8, 45,1921. 


F 19 
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right angles to its plane by boring about 500 holes each 15 mm. 
long and 3 mm. in diameter. 

CD ...is the lower face of AB. It is covered by means of a thin 
sheet of mica so that Zi and Z 2 can be separately exhausted. 

A pressure of about 3 to 6 mm, is maintained in Z\. a-rays from the 
source pass through the holes and ionise the gas in Zi, the amount of 
ionisation being recorded by the electroscope. The ionisation in Z\ is 
observed for different pressures in Z 2 . 

At very low pressures, the a-particles lose very little energy in passing 
from the source to AB, hence the main part ot: their tracks lies in Zi where 
they produce very strong ionisation. On increasing the pressure in Z 2 , the 
residual track of a-rays, as well as the ionisation in Zj gradually dimini¬ 
shes. So by this means the end part of the ionisation curve (Fig. 13) can 
be very accurately studied. At a critical pressure of air in Z 2 , the a-parti¬ 
cles are just stopped at AB, so that the ionisation produced in Zi is almost 
zero. The distance between AB and RR gives the range of the a-particles 
at this pressure. 

Table 5.—Bangs of a-particles. 


Radioactive element 

Range 
in cm. 
at 15°C 
R 

Velocity in 
cm. per sec. 
v — aVJ' 

Velocity in 
cm./scc. 
calculated 
by Briggs. 

! 

| Energy in 
electron- 
volts. 

Uranium I 

273 

1-401 X 10 9 

1-391 X 10 9 

4-049 X 10 6 

Uranium II . 

3-28 

1-495 

1-492 

4626 

Ionium .... 

3194 

1-479 

1*479 

4*545 

Radium .... 

3-389 

1*511 

1-511 

4744 

Radon .... 

4-122 

1-618 

1618 

5-441 

Radium A 

4722 

1*695 

1-695 

5-972 

Radium C ; 

6971 

1*922 

1*922 

7683 

Radium F 

3925 

1 590 

1-590, 

5-253 

Protactinium 

3-673 

1-552 

1-553 

5-013 

Radioactinium 

4-676 

1-683 

1-688 

5-923 

Actinium X . 

4-369 

1-645 

1-650 

5-659 

Actinon .... 

5789 

1-807 

1-810 

6819 

Actinium A . 

6-584 

1-886 

1-887 

7"4tl5 

Actinium C . 

5 - 511 

1-777 

1783 

6-610 

Thorium 

2-90 

1-435 

1-437 

4-231 

Radiothorium. 

4-019 

1-600 

1-604 

5-347 

Thorium X . 

4-354 

1-643 

1-648 

5 645 

Thoron .... 

5-063 

1-728 

1733 

6-244 

Thorium A . 

5-683 

1796 

1-800 

6737 

Thorium C . 

4-787 

1-696 

1701 

6-015 

Thorium C' . . 

8-617 

2-063 

2052 

8-761 


By using this method Geiger has determined and re-examined the 
range of a-particles from many elements of the radioactive series. A full 
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list of his determinations is given in Table 5. The method failed only in 
the cases of UI and UII which are very weak sources of a-rays. 

The range of a-particles from UI and UII have recently been deter¬ 
mined by Laurence* by using Blackett’s cloud-chamber method with 
minor modifications. The results of the determination of Geiger, Laurence 
and others have been compiled in Table 5. It gives the ranges for all 
the radioactive elements belonging to the three series. The ranges observed 
are given in column 2. The velocity of a-rays calculated by using the 
Geiger formula (3) is shown in column 3. The velocities directly deter¬ 
mined by Briggsf for the a-rays of known E/M from different substances 
are also given in column 4 for comparison. Column 5 gives the energies 
of a-rays calculated from formula (1, 0) expressed in electron-volts. 

73. Relation between Velocity of Emission of a-rays and 
Life of Radioactive Atoms.—Lt was early observed that there 
seemed to exist some inti¬ 
mate relationship between 
the velocity with which 

a-particles are expelled in 
a radioactive disintegration, 
and the life of the atom 
which by its disintegration 
emits the a-rays. Thus 

Radium C*, which is an ex¬ 
tremely shortlived product, 
emits a-rays of high velocity 
(and therefore of large range 
■m., 6*1)7 cm.) while U which 
is an extremely longlived 
product emits a-rays of much 
smaller velocity (the range 
—2*73cm). The data regard¬ 
ing the range of a-particles, 
and X, the radioactive dis¬ 
integration constant, were 
first collected by Geiger and Nuttall$, and log X was plotted against 
log R (vide Fig. 19). It was found that the products belonging to any 


* Laurence, Phil Mag., 5, 1027, 1928. 
f Briggs, Proc. Roy. Soc., A, 118, 549, 1928. 
t Geiger and Nuttiill, Phil Mag., 22, 613, 1911; 23, 439, 1912.* 
Geiger, Zs. /*. Phys, 8, 45, 1921. 



Fig. 19. Relation between the range and 
disintegration constant for a-rays. 
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radioactive series very nearly fell on one straight line. Swinne* has 
shown that the relation can be approximately expressed by a formula 
of the type 

log X = a+b E .(14) 

where 2?= energy of the a-particlc. 

The relation is however only approximately true. Applying the 
formula Jacobsen and Barton found that RaC / should have a life of 
order 10" 8 sec., while the actual life was experimentally found to be 
of the order 10“ 6 sec. 

In recent years, the Geiger-Nuttall relationship has been made 
the starting point of very interesting speculations regarding the 
origin of radioactive transformations from a wave-mechanical point of 
view. This subject will be taken up in the chapter on Nuclear Physics. 


74. Path of a Particle Under a Central Force.—Article 75 
dealing with the large angle scattering of a-particles will not be intelligible 
to the general student unless he has a clear knowledge of the path of a 
particle moving under a central force. The student can obtain this know¬ 
ledge by consulting any book on dynamics, but for the sake of ready 
reference, the whole theory is worked out in these notes. 

Let i m 9 denote the mass of the particle and ?*, 0 (Fig. 20) denote its 
polar coordinates. The equations of motion are given by 



m (r—r$ 2 )=F 

I. (16) 

The terms on the left hand side represent 
mass x radial and cross-radial accelerations. The 
second terms are put equal to zero, because the force 
is central. We have therefore 

r 2 0 = constant = A .(16) 


This is Kepler’s second law of planetary motion. 

To find out the form of the orbit, we should eliminate t from (15) with 
the aid of (16). We have 

2 wherew«— ..... .(16') 
dt r 2 9 r v ' 

With the aid of this relation, it can be proved that 


dr . du 

~ A d0> 


r~-AW 


d?u 
dt 12 


* Swinne, Phys. Zs., 18, 14,1912. 
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-r0 3 =-A*u 3 


Again A—pv, where p =perpendicular distance from the origin on 
the direction of projection. We have 

+ ..OS) 


Substituting these expressions in (15), we obtain 

d 2 u , F no 

dd 2 U mA 2 u 2 . 

Now when the force varies inversely as the square of the distance 
we can put 

[A mu 2 

where |x== force per unit mass. Ft is positive when the force is repulsive, 
negative when it is attractive. 

The equation can then be written as 


d 2 u p. 

(10 'i"“ 'A* 


. (Force repulsive) .... (19A) 


... (Force attractive) 


. . (19B) 


We shall first take the case of attractive forces. We have then, 
multiplying (19B), by du and integrating 


or from (17), 




v 2 = 2(j iu+BA 2 


= i Dm A 2 


This is the law of conservation of energy, for l rnv 2 is the kinetic 
energy at any point, and — p mu — — \im/r is the potential energy at 
the distance r. The theorem merely states that the sum of the potential and 
kinetic energies remains constant during m< tion. 

Now to find out the orbit, we can write equation (20) in the form :— 


V's + ^f-- »* 
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Integrating, we obtain 

0 — cos _1 (m - -£)/ ^5+^1 + 


const. 


or 


- — = a /B + (i^M 2 • (0 + a ) • • • (22) 


The equation to a conic section is of the form 

1 4 * c cos $ 
u - 1 — 


(23) 


when referred to its focus. 

Hence comparing we find that the orbit is a conic section with the 
following characteristics : — 

j- " Jt« or 


/ r fi2-1 i 

= WB + I or JW* = e*-l, 5 = = ± 


and -- ~ -r j2 ~ ~ - - la 

where the plus sign refers to a hyperbola, the minus sign to an ellipse, 
a = oo denotes a parabola. We have 

1 


B 


la 


The equation of conservation of energy therefore becomes 

U 

V * — 2 (J m — A “ 


or 


0 2 




(24) 


Hence the orbit is ellipse, parabola or hyperbola according as 

< iS 

> r 

Thus from the initial velocity of projection and initial distance, we 
obtain a. The latus rectum is given by A 2 = \il. Tfyus the orbit is com¬ 
pletely defined. 

Repulsive Force. 

In this case, the equation of motion is 

d 2 u , U 

dtf* + “ " ~ A* 

The equation (20) now takes the form 

du 


dO — 
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_A[ 

.42 L 


l-^±^eos (9 + a) 


where l 


u = y[e cos (0 -f a) — 1J.(25) 

y~, Bl 2 ==> e 2 — 1 as before, or B = 

A 2 * la 


The equation of energy is now 

v 2 = - 2 \x u -f BA 2 

i o , V- 111 it- i, 1 M ni 

or J- mv 2 -f AL — = J LmA 2 -= — -— 


.... ( 20 ) 


Equation (25) represents the branch of a hyperbola with the centre of 
force as the outer focus. For 

e cos 0 — 1 > 0, e > 1 and cos 0 > — 

e 


0 lies bet ween 


~b COS “ 1 


The constants oi the hyperbola can be easily determined. Let V be 
the velocity at infinity, i.e., when ^ 

r = oo. Then from (26), we have 

imV 2 =^t s? 


therefore, a = ~ 


It is therefore clear that if a par- - \\ 

tide P is projected (Fig. 21) with 

the velocity V from infinity towards \v 

a centre of repulsion S, along the 

line PO, then it will describe the 

hyperbola PAP' to which PO is an Flg * 21 * 

asymptote, it will curve round and pass on to the other asymptote OP 7 . 

The constants of the hyperbola are 

a = semi-transverse axis = \i/V 2 
b — semi-conjugate axis = SN 

and the angle of deflexion q) = Jt — 20 as the particle is deflected from the 
line PO to OP'. 

Hence we have 

* qp a 

“F 


<p «= 2 tan* 1 % = 2 tan - 1 Jtr, 
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The distance of nearest approach 
SA = a (1 4* sec 0) ** 


1 -f tan <p/4 
l — tan <p/4 ’ 


• • (27) 


Equation (27) makes it clear that for a definite particle velocity and a 
given field of force, the distance of nearest approach is a function of <p or 
0 only. For example, when 


0 = 0 , q> = Jt, SA = 2a 

$ = n/4, qp = :t/2, SA = 2*41a 

Thus as 6 changes from 0 to jt/2, <p varies from Jt to 0, and the 
distance of nearest approach is minimum (equal to 2a) when qp = Jt, that 
is, the collision is end-on. 

We shall now consider the application of these theorems to the problem 
in hand. 


75. Scattering of a-Rays—The Structure of the Atom.— 

The a-particle is a concentrated particle of electrified mass possessing 
for its size enormous energy, and it was early expected that much in¬ 
formation regarding the internal structure of atoms would be afforded 
if they were bombarded by a-partieles,and the results could be properly 
interpreted. This hope was fulfilled beyond the limits of expectation. 

It was early observed that as a straight pencil of a-rays is passed 
through matter, it becomes more and more diffuse. Thus Rutherford 
found that if particles through a narrow slit were received on a 
photographic plate through an evacuated vessel, the image of the 
slit was sharply defined. If, however, the vessel were filled with air, 
or if thin sheets of metal were placed in the way, the image became 
diffuse. The diffusivity increased with the increasing thickness of 
the obstacle and with increasing atomic weight. This phenomenon is 
known as scattering . 

A general explanation of scattering was given by J. J. Thomson, 
and gave rise to the first speculations regarding the structure of atoms 
out of positive and negative electricity. The scattering is certainly 
due to the fact that a-particles are deviated from their straight course 
as they pass through matter. As the particles are charged, the devia¬ 
tion must be due to some electrical field. The atom as a whole is 
neutral, and therefore as long as an a-particle passes at a sufficient 
distance from the atom, its course should remain straight. But the 
case will be otherwise if some of the a-particles are to pass through 
the inside of atoms, as some of them are sure to do. Thomson sup¬ 
posed that the atom consisted of a positive core having about half or 
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one-third the radius ascribed to the atom. All the positive 
electricity was supposed to be spread over this sphere, and the negative 
electricity in the form of electrons was supposed to be describing 
orbits about this. The electrical field inside such an atom, at a 
distance r, would be equal to Ze/r 2 due to the positive charge, minus 
the field due to the electrons. As the electrons must be more or less 
uniformly distributed, their fields would largely cancel each other, or 
amount to only a small fraction of the field due to the positive core. 
As the a-partiele passes at a distance r from the centre of the core, 
it would be subjected to this repulsive force, and deflected from 
its straight path. In this way, Thomson could account for small 
angle scattering of a-rays. In some cases, the deflexion may be 
large; owing to successive scattering by a number of atoms, but the 
chances of such scattering is limited to only a small fraction of 
a-particles. 

But according to this model the deflecting field can never be larger 
than 2 Zc/b 2 , where* h is the radius of the positive core of electri¬ 
fication hence the scattering can never exceed a certain maximum 
value which, as calculation shows cannot be larger than 2° to 3° in 
the case of heavy atoms, if we suppose that ‘i* is comparable with 
the radius of the atom. But Geiger and Marsden made the very 
striking observation that the angle of scattering can, in a small 
number of cases, be as great as 90° or even higher. They used for 
this purpose the scintillation method of observing particles in which 
even individual particles can be detected. The number of such 
particles is extremely small, rix ., 1 in about 10000 (using a platinum 
radiator), but even this small number is decisive. The large deflexions 
tell us that b must be much less than half or one-third «, in fact 
according to Rutherford, it should be 10" 4 to 10" 5 times the radius 
ascribed to atoms. The positive electricity is thus regarded as con¬ 
centrated in a very small volume having a radius of the order of 
10" 12 cm. and the electrons are supposed to revolve round the 
nucleus. The picture is analogous to that of the solar system; the 
nucleus may be compared to the sun which occupies the centre of 
the system. The electrons may be compared to the planets describ¬ 
ing orbits, the only difference being that they have all equivalent, 
mass and charge. This planetary theory of the atom was 
suggested by Nagaoka in 1904, but to Rutherford and his 
coworkers belong the credit of establishing it on sure experimental 
foundation. 

F, 20, 
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For a proper understanding of the works of Rutherford, the stu¬ 
dent must take the trouble of understanding the theory of planetary 
orbits of which an account has been given in the previous section. 

76. Mathematical Theory of Large Angle Scattering.— 

We may now suppose that the nucleus of positive electricity is re¬ 
presented by S in Fig. 21, and the a-partielc is projected from infinity 
along the direction PO. The perpendicular distance SN = b , may 
then 1 vary from a certain minimum value, vix., the radius of the 
nucleus to x. 10" 8 cm, which is the diameter of the atom. The 
repulsive force is 2Ze 2 /r 2 where + Ze is the positive charge on the 
nucleus. The electrons are distributed in layers about the nucleus, 
and they will attract the a-particle, but as they are distributed 
symmetrically, we may suppose that these forces largely cancel each 
other. Then the •a-particle will be deflected along PAP 7 , i.e., from 
the branch PO it will be deflected to OP'. Applying the results 
of §74, we obtain 


2 Ze 2 

p = , 

m* 


nia n 


where m = mass of the a-particle, n its velocity of projection. 
The angle of deflection 


<P=2 tan 


-1 


2Ze 2 


nt a u 2 b 


(28) 


The distance of nearest approach is 


26 


l + fcm<p/4__ 2Ze 2 


1 - tan (p/4 m a u* 


(1 + cosec <p/'2). . (29) 


This is minimum for end-on collision and is equal to 4Ze 2 /niaU 2 . 

The expressions show that the particles having the smallest 
value of b are most deflected. The upper limit of deflection is given 
by the smallest value of 6, and this can be identified with the radius of 
the nucleus. Conversely, if we have some data regarding the largest 
deflection, and the values of Z, m a and u, we can form an estimate of 
the value of the upper limit to the value of b. 

In an experiment on large angle scattering with Pt, the data 
were as follows : 

4800 X 3 X10 10 e. s. units 
m a 

u = 2X10 9 cm/sec, for a-particles from RaC, 

e = 4*77 X10" 10 e. 9* unit9 
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Rutherford assumed in his first researches that Z“100 for Pt. 
Then we obtain 


2 tan” 1 


1*73X10’ 12 

b 


Hence <p cannot have a large value 
unless b is of the order of 1*73 X10’ 12 . 
Then the distance of nearest approach 

d =- 2 (1+cosec qp/2) 

Vtd 'll 

= 173X10” 12 (1-4-cosec qp/2) 

An idea of the ideal scattering 
for different distances of approach will 
be found in the accompanying diagram 
(Fig 22). 



Fig. 22. Paths of the deflected 
^-particles. 


Thus the radius of the nucleus comes out to be about 10’ 5 
times the atomic radius (10 “ 8 cm.) 


77. Experimental Verification of the Nuclear Theory.— 

Though relation (28) can be used for a rough verification of the nuclear 
theory, Rutherford and his coworkers planned a number of well- 
thought out experiments for its complete test. These experiments 
are described in the following section. We give here a brief outline 
of the mathematical work underlying these experiments. 



. Let O be the scattering nucleus (Fig. 23), ABC the path of the 
a-particle, b the distance of the nucleus from its initial line of 
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motion; and the angle through which the a-particle is deflected by 
the field of the nucleus. 

For a homogeneous beam of a-rays and a foil of the given 
scattering metal, (p is a function of b only; in other words, the 
a-particle, the distance of the initial line of motion of which from 
the nucleus is b , will be deflected through an angle <p, and the 
a-particle whose distance is b+ dh will be deflected through an angle 
9+fftp, so that the a-particles whose //s lie between b and b+db } 
will be deflected through an angle lying between cp and <p+d<p. 

If the scattering foil has the thickness /, and contains n atoms per 
unit volume, the probability of an a-particle being aimed so as to pass 
some nucleus at a distance between h and b+db, is 2jt Mbnt, since a 
unit area of the foil contains nt atomic targets. This particle will 
naturally be deflected through an angle lying between <p and 
<P+d<p. 

Now, suppose for a moment that a unit sphere is described witli 
O as centre. The particles deflected through angles lying between 
<p and cp-f r/qp fall on an area 2n sin <p dty of the sphere. This is equal 
qp qp 

to 4jt sin . cos - . (/cp. The chance of a particle falling on unit area 
of this region will be evidently* 


2jc ntbdb 


qp qp 

4jt sin —. cosdtp 


Now 


or 


tan 


« - ^4 


5 = 2 Ze*. J_ 
2 nia u 3 h 

2 coset 1 — • 


or 


2jc nt bdb 


t \2Ze 3 V 
=Jint -j 


cos 2 

<P 


dq> 


sm 


Hence - - [JS11 

Att ^ 1 VmaU 3 \ 


2 

a nt 


4ji sin ~ cos ~dff 


4 sin 4 ^ 


The mathematical working of the theory is due to Rutherford (Phil. 
J%„ 31, 669, 1911). 
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If, therefore, a small screen of area A is set up at a distance r 
from O, so as to receive particles at an angle the number received 
per second is 



where Q is the number of particles falling on the scattering foil 
per second. 

On this theory then, it is to be expected, that the number of 
particles scattered through an angle 9 should be proportional to 


( 1 ) 

( 2 ) 

(3) 

( 4 ) 


. <P 
cosec 4 ~ 

thickness of scattering foil, />., nt, 
central charge* (Ze) 2 . 

_ 1 _ 


78. Description of the Experiments.—These conclusions 
were verified by Geiger 
andMarsden* in an ele¬ 
gant series of experiments 
carried out with the aid of 
the following apparatus. 

B ... a cylindrical metal 
box. This contains 
the following. 

R ... the source of a-par- 
ticles, which is a 
tube filled with 
radon. 

F ... the scattering foil 
mounted on a 
tube T which is 
kept fixed. The 
apparatus can be evacuated through T. 

S ... zinc sulphide screen fixed to M, on which a-particles impinge and 
produce scintillations. 

M . . . microscope for viewing the scintillations. 



Fig. 24. Geiger and Marsden'a Apparatus. 


* Geiger and Marsden, Phil Mag., 26, 604,1913. 
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A ... a graduated circular platform fixed to B. 

C . . . an air-tight joint on which AB can be rotated, while FR remains 
fixed. 

P . . . ground glass plate closing B. 

By rotating A, S is placed at different angles to the primary direction 
of the beam of a-particles. Observations were taken between 5° 
and 150°. 

Foil of any thickness and material could be placed in place of F. 
Gold, silver and platinum were used. 

The results of the experiment are shown in Table 6. 


Table 6 .— Variation of Scattering with angle. 



i 

l 

Silver 

Gold 

Angle of 
Scattering 

<P 

j Cosec 4 

1 

j 

i - 

Number of 
Scintillations 
N 

N 

Number of 
Scintillations 
N 

N 

Cosec 4 5 

a 

Cosec 4 ~ 

u 

150 s 

1 

i 

1 15 

22*2 

19'3 

33*1 

288 

135 

1-38 

27-4 

198 

43*0 

31*2 

' 120 

1-79 

33 0 

18 4 

51*9 

29*0 

105 

2*53 

47-3 

18-7 

695 

275 

75 

7-25 

136 

18’8 

211 

29* J 

60 

6 0 

320 

200 

477 

29 8 

45 

466 

989 

21*2 

1435 

30*8 

37*5 | 

937 

1760 

18-8 

3300 

353 

30 

223 

5260 

236 

7800 

350 

22-5 

690 

20300 

29-4 

27300 

396 

15 

3445 

105400 

30-6 

132000 

38-4 

30 

223 

53 

0024 

3-1 

0014 

22*5 

690 

16-6 

0024 

8-4 

0012 

15 

3445 

930 

0-027 

48-2 

0014 

10 

17330 

508 

0029 

200 

00115 

75 

54650 

1710 

0-031 

607 

0011 

5 

276300 

... 

... 

3320 

0012 


The second conclusion regarding the variation of scattering 
with the thickness of the scattering foil was then tested by Geiger and 
Marsden.* In this case a homogeneous source of a-rays was essential. 
For this they used Ra B and Ra C. The apparatus employed is 
shown in Fig. 25. 


* Geiger and Marsden, loc . cit. 
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A ... a brass-ring closed by two glassplates B, C. 

R . . . source of a-rays (Ra B & C). 

O . . . opening for the entrance of a-rays. It is 
closed by a thin sheet of mica. 

I) . . . diaphragm. 

S . . disc carrying the scattering foil F. It 
can be rotated about its axis, so as to 
expose foils of different thickness to the 
path of a-rays. 

Z . . . ZnS screen placed at a fixe ! angle to 
the incident beam. 

The apparatus was evacuated. The 
number of scintillations per second was 
counted after placing the ZnS screen at 
an angle of about 25° to tin; direction of 

the incident beam. Observations with different metcrials showed 
that the number of a-particles scattered was proportional to the 
thickness of the foil, as long as it was not so thick as to reduce 
substantially the velocity of a-rays on passing through it. 

The variation in the amount of scattering with change of velocity 
of the a-rays was also examined with the same apparatus. To reduce 
the velocity, absorbing screens of different thickness was inserted 
between the source and the opening O. The Geiger relation v n ~aR 
was employed to calculate the velocity, from the observation of range. 
The number of a-particles scattered per second was found to vary 
inversely as the fourth power of the velocity. 



79. Chadwick’s Measurement of Nuclear Charge.—For 

all the above 4 experiments relative measurements were quite sufficient. 
But for finding out Z, the nuclear charge, it is necessary to make 
absolute measurements, i.e. 9 taking any element, the number of 
a-particles scattered on a definite surface through a known angle has 
to be counted, and compared with the total number of a-particle 
emitted directly from the source (vide equation 30). This was done by 
Geiger and Marsden (lor. f it.) using thin foils of An, Sn, Ag, Cu, Al, 
C. The number of a-particles Q emitted was obtained by measuring 
the y-ray activity of the source. The other quantity n was obtained 
as described above, and then (30), gave the value of Z. It was 
found to be about i the atomic weight. 

All this was done before the nuclear theory was firmly established, 
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In 1912, Bohr utilised the nuclear theory to explain the spectrum 
of hydrogen in particular (vide Chap. VII) and of the other elements 
in general. Since this time, the soundness of the nuclear theory of the 
structure of the atom has been so thoroughly established, as a result 
of many converging lines of evidence, that it is now regarded as the 
cornerstone of new physics, and starting point for further investiga¬ 
tions. Van der Brock* was the 1 first to suggest that Z is exactly equal 
to the atomic number, /.e., the number expressing the serial position of 
the element in the periodic classification. Thus H has the atomic 
number 1, He has 2, Na 11, and Au 79. The suggestion was 
brilliantly verified by Mosley's classical work on the measurement 
of the wavelength of the K-series of X-ray characteristic lines of 
elements (see Chap. XT). In 1920, Chadwickf showed that the 
atomic number can bo directly determined from scattering experi¬ 
ments, by improving the earlier methods. 

Improvement was effected in the two following respects :— 

(1) Increasing the fraction of scattered rays relative to the 

number incident. 

(2) Measuring the scattered and incident beam on the same 

screen under the same conditions. 

The apparatus used is shown in outline in Fig. 20 and in full in 
Fig. 27. The scattering foil A A is in the form of an annular ring, R 


A 



A 

Kite* 


is the source of a-rays, and S the ZnS screen, so placed that RP=^PS. 
D is a diaphragm and L is a thick lead screen which can be used to 
cut off completely the direct beam RS from the screen, or can be 
removed to allow direct beam to fall on it. This enables Q to be 

* Van der Broek, Phys. Zs 14, 32, 1913. 
f Chadwick, Phil. Mag., 40, 734, 1920. 
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counted on the same screen in the usual way. Let cp,, and q> 2 be 
the solid angles subtended by the inner and the outer edges respec- 



Kifr. 27. Chadwick’** Apparatus for dHrmiiiiiiig the nuclear charge. 


tively of tlio foil to R. The solid single subtended by an elementary 
annular ring at R. 


o . qp , m 

" \o )• 


Assuming Q— number of a-particlcs emitted by the source per 
second the number falling on the elementary ring 


|Q shi ~ d (^j. 


The number scattered per unit area of the screen S placed normally 
to RS. 

‘2 


i n . qp , maur , qp 
^ 2^ sm 2 °°‘ sec T 


qp, cp 2 

Integrating this between the limits — , — , the total number 
scattered on the annular ring A A is 

.<P*/2 

Qntn 2 


)ntic f n <p j /qp \ 
- 7 -J cosec r, d ( 5 ) 


Vi/2 


Qntu* f, A <P 2 , . <Pi , . <Px <pj <p 2 <p 2 

— "1,. ■> I In tan -r- - lit tan +cot cosec --- - cot— cosec 

Hr L 4 4 2 2 2 2 


. 2Ze 2 

where a = - 2 

m a ff 


F. 21 
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per unit area of the screen. The number falling directly per sec. 
per unit area on the screen is Q/4kI 2 where /“distance between the 
source and the screen. 

Thus the quantity a, and hence Z can be calculated. Chadwick 
calculated the nuclear charges for copper, silver and platinum as 
29'3c, 4G*3c and 77*4e respectively, and claimed his results to bo 
accurate within 1 to 2%. This proves directly that the nuclear 
charge of the elements is numerically equal to their atomic number. 

80, Validity of the Inverse Square Law.—According to 
Rutherford’s theory of a-ray scattering, the amount of scattering 
in a given direction varies inversely as the fourth power of the 
velocity of the a-particles, provided the law of inverse* square was 
correct for all distances. Since it could now be assumed that Z is 
exactly equal to A , Chadwick showed that his experiment could bo 
utilised to find out whether the inverse square law of force was true 
for all distances of approach to the nucleus. He used the apparatus 
employed in his nuclear charge determination. By using Pt as the 
scattering material and three different velocities of a-rays he found 
the law of inverse square to be true within a distance of approach 
from the nucleus d= 7 X10“ 12 cm. 

The experiment was repeated with greater precision by Ruther¬ 
ford and Chadwick* (1925) using the same annular ring-method as 
in Chadwick’s experiment. For gold, platinum, silver and copper- 
foils which they examined, the laws of inverse square of force was 
found to hold accurately within a distance rf=5X10" 12 cm. 

It should however be emphasized that on account of large value 
of Z it is difficult, to approach with a-particles at our disposal, to a 
sufficiently small distance of the nucleus. For with a straight colli¬ 
sion (qp = 180°.the particles turned back in the same, direction 

from which they were projected) we have the minimum value 

, 4 Zr 2 

d o — •> • 

rn a it “ 

With a-particles having 2X10 9 cm./scc. which are almost tin* 
swiftest a-particles at our disposal, we obtain the following values of rf 0 . 


u 

Z=92 

rf 0 = 156. 

10* 13 cm. 

Cu 

29 

5. 

10" 13 cm. 

Mg 

12 

o 

10’ 13 cm. 

He 

2 

034. 

10-« 3 cm. 


* Rutherford and Chadwick, Phil. Mag. 50, 889, 1925 t 
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Hence the region near the vicinity of nuclei of heavy particles 
cannot be explored by a-particles. Wc must look to light particles 

like Mg, A1.where closer nuclear distance can be approached. 

In such cases, • considerable deviation from the inverse* square law 
has been found (see chapter on Nuclear Physic .v). 


81. The Properties of (3 and y-rays —The physical nature 
of the P and y-rays has already been discussed in the beginning of 
this chapter. The (3-rays from radioactive bodies are negatively 
charged particles moving with very high velocity ranging between 
*36c to 98c. Their ejm has been determined by Kaufmann and 
Bucherer (II, §§ 28, 29), and they have been identified with the 
electrons. The (3-rays can produce ionisation and are absorbed by 
matter, but they can penetrate a greater thickness of matter than 
the a-rays. Like a-rays, the (3-rays also are scattered by atomic 
nuclei; in fact, on account of much smaller mass of the (3-rays, the 
scattering takes place much more readily in their passage through 
matter, than in the case of a-rays. The quantitative investigation 
of absorption and scattering is however complicated by mutual inter¬ 
ference of the two phenomena, so that it is difficult to decide whether 
the (3-rays possess a definite range like the a-rays, or not. A typical 
appearance of the Wilson’s cloud-chamber photograph of the (3-ray 
tracks from Ra D in air is shown in Plate III, Fig. 28. It will be seen 
that the (3-particle follows a zig-zag course on account of constant 
deflexion of its path due to scattering. It should also be noticed that 
the tracks are not continuous, as in the case of a-rays. This is due to 
the weaker ionisation produced by the (3-rays. This stereoscopic pair 
of photographs has been obtained by Petrova^ a co-worker of Meitner. 

Early works on the scattering of (3-particles were performed by 
Crowther* and Schonlandt* The experiment was found difficult for 
several reasons, such as—(1) inhomogeneily of (3-rays, (2) occurrence 
of multiple scattering, (3) inefficiency of scintillation method of 
observation, and (4) the unavoidable presence of y-rays in the source 
of P-rays. The theory of P-ray scattering was developed by 
J. J. Thomson and Rutherford. Much later works, both theoretical 
and experimental have since been done on the subject by Schonland§, 


* Crowther, Proc. Roy. Soc. A , 84, 226, 1910. 
t Crowther and Schonland, Proc. Roy. Soc . A, 100, 526, 1922. 
t Petrova, Zs. f. Phys , 55, 621, 1929. 

§ Schonland, Proc .’ Roy. Soc. A , 101 , 299, 1922 ; 113 , 87, 1926; 
119 , 673, 1928. 
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Geiger and Bothe,* * * § Chadwick and MereierT, Bothe$, Wentzel§, 
Mottll and others. For a summary of these works see Rutherford, 
Chadwick and Ellis' Radiations from Radioiutiee Substances (1930), 
Chap. VIII. 

The y-rays, as already has been stated, are very short electro¬ 
magnetic waves, shorter than the X-ray waves. They possess the 
special property of ejecting (3-rays from matter on which they fall. 
The velocity with which these secondary (3-rays are emitted depend 
upon the wavelength of the exciting y-ravs. On this principle, the 
wavelengths of y-rays have been determined from the measurement 
of the velocity of the secondary (3-rays, and have been found to be of 
the order of 10" 10 cm. The actual method will be given later in the 
chapter on Nuclear Structure. 

The production of secondary (3-rays by the y-rays is remarkably 
shown in Fig. 28 a, plate III, which is a Wilson cloud-chamber ‘photo¬ 
graph of y-ray tracks from Ra C in air under a magnetic Held of 1030 
gauss, obtained by Skobelzyn. The curvature of the tracks is duo to 
the magnetic field. When y-rays pass through air, they eject electrons 
from the air molecules. The paths of the electrons are rendered 
visible by means of the ions which they produce in air. 

We shall now conclude this chapter with an account of some 
.other physical effects produced by the radioactive radiations. 

82. Evolution of Heat by Radioactive Substances. —It was 

noticed by the early experimenters that all radioactive substances 
having tolerably long life go on evolving heat at a uniform rate. This 
continuous evolution of heat, without any provocating agent appear¬ 
ed to be a great puzzle, and in some quarters it was held that the 
phenomenon was a direct violation of the Hrst law of thermodynamics, 
i.e., energy teas being created out of nothing. Experiments however 
showed that the evolution of heat was due to the stoppage of a, (3 and 
y-rays by radioactive matter, and in fact the heat evolved per second 
was found to be exactly equal to the energy of a, (3, y-rays stopped by 
matter. So it became clear that no violation of the first law was 
involved in this process. 

* Geiger and Bothe, Zs. f. Phys ., 6, 204, 1921. 

f Chadwick and Mercier, Phil. Mag., 50, 208, 1925. 

t Bothe, Zs. f. Phys 13 , 365, 1923*. 

§ Wentzel, Ann. d. Phys., 69 , 335, 1922. 

II Mott, Proe. Roy. Soc. A, 124, 425, 1929. 
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The rate of evolution of heat by radioactive matter was investi¬ 
gated by many observers including Curie, Paschen, Precht, Poole and 
Dewar. But to illustrate the investigation it would suffice to des¬ 
cribe the apparatus used by Rutherford and Barnes*. 


As shown in Fig. 29, 
Rutherford and Barnes’ 
apparatus was a differ¬ 
ential calorimeter con¬ 
sisting of two glass- 
flasks G, G immersed 
in a water bath. The 
two are connected by a 
manometer con tai ni ng 
xylol. Two test tubes 



P, P are inserted in the 
flasks and the radioactive 4 


Fig. 2tl 

Kutlurforil ami 13ar no a 1 DlttWontJal Colorimeter. 


preparation R is placed inside one of these. Vs the preparation 
evolves heat, the air within the walls of G expands and raises the 
pressure in the limb of the manometer nearest it. The rate of increase 
of pressure is noted, and then the radioactive preparation is taken out. 
Next a small heating coil is placed inside P, and is heated by means 
of regulated current so that the rate of increase of pressure in the 
manometer becomes absolutely the same as before. The heat supply 
to the coil may be easily obtained by measuring the current and the 
voltage ; and this must be equivalent to the rate at which heat is 
evolved by the radioactive body. 

A modification of this apparatus was devised by Angstromf and 

used by von Schweidler 
and Hess*. This is 
shown in Fig. 30. In this 
the flasks were replaced 
B by two metallic calori¬ 
meters K, K which are 
absolutely identical in 
size. The one contains 
the active preparation 

Flg.ao. Angstrom’s Compensation Calorimeter. p ? ^ other Contains a 



* E. Rutherford and H. T. Barnes, Phil J\ictg. f 7, 202, 1904. 

-(* K. Angstrom, Phys . 6, 685, 1905. 

t E. V. Schweidler and V. F. Hess, Wiener Ber„ 117, 879, 1908. 
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heating coil H heated by regulated current from a battery B. T is 
a thermocouple connected to a galvanometer with each of its two 
junctions placed inside a hollow space in the two calorimeters. The 
heating is so regulated that the galvanometer shows no deflection. 
The heat evolved by the coil is therefore equal to the heat 
evolved by the radioactive body. The apparatus is however slow in 
action on account of the heaviness of the calorimeters. 


The Heat evolved by Radium and its 
Decomposition Products. 

A direct measurement of the evolution of heat by radium in 
equilibrium with radon and shortlived products was made by Meyer 
and Hess* * * § . The experimental conditions were such that the a and 
rays were completely absorbed and 18% of the y-rays were absorbed 
by the calorimeter (calculated from the dimensions of the calorimeter 
and the absorption coefficient of y-rays). The rate of evolution of 
heat was found to be 182 cal. per gm. of radium in equilibrium 
combination with its product per hour. 

This does not tell us anything about the proportions contributed 
by the different rays. This was first attempted by Kve,f and 
by Moseley and Robinson.t They determined the total ionisation 
produced by the three kinds of rays separately, and assumed these to 
be proportional to the energy content of the different rays. The 
assumption is however rather uncertain. 

Ellis and Wooster^ determined separately the heat evolved by 
y-rays according to a special method. They used a cylindrical 
calorimeter vessel of which one sector consisted of A1 and the other 
of Pb. Both the sectors had equal outer dimensions and heat capa¬ 
cities, the Ra Em preparation was placed in the axis of the calorime¬ 
ter surrounded by a copper tube which absorbed completely the a 
and P rays. The heat emitted by this tube warmed the two sectors 
equally so that the difference of temperature observed between the 
two sectors was caused by the greater absorption of y-rays in lead. 
In this way it was determined that the energy of y-rays emitted by a 


* St Meyer and V. F. Hess, Wiener Ber ., 121, 603, 1912. 

t A. S. Eve, Phil. Mag., 27, 394, 1914. 

i G. H- J. Moseley and H. Robinson, Phil. Mag., 28, 327, 1914. 

§ C. D. Ellis, and W. A. Wooster, Proc. Camb. Phil. Soc., 22, 595, 
1925; 50, 521, 1925. 
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gm. of Ra (in equilibrium combination with its products) amounts to 
87 cal. per hour. The amount of energy due to the rays from the 
different products was observed by Meyer and Hess by using 11a 
freed from its decomposition products, as well as from those of Ra 
Em in equilibrium with its shortlived products. The amount of 
heat evolved was determined from time to time and was found to 
increase steadily from 25 cal. to 114 cal. per hour after a long time. 
An extrapolation to t —0 gives the amount evolved by Ra alone. 
For details original papers* must be consulted. The results are 
shown in Table 7. 


Table 7.—Heat evolution due to a, (3, y-rays in eat. per hour . 



We shall now show that the experimental figures are in agree¬ 
ment with the energy of different rays theoretically calculated. 
When an a-particle of mass m and velocity i\ is emitted by an atom 
of mass M and velocity F, then the back momentum imparted to the 
atom is given by the law 

tnv=MV, 

so that the amount of energy which becomes free in this process is 
given by the formula 

Ex = I (mv 2 + MV 2 ) - i mv 2 ( 1 + —-) 

* Recently a new method for measuring a very small amount of heat 
eyolution has been given by Orthmann ( Zs . /. Phys . 60, 137, 1930). 
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Let Q = number of a-particles emitted per sec. by 1 gin. of Ra. 
Then the amount of heat evolved per hour is given by 

U r 1800 Qmr 2 ( m \ 

Putting the values of /’ in the case of Ra and its different products 
from Table 5, and putting X10 10 we obtain the figures shown 

in column 8 of Table 7. 

The energies obtained in this way are somewhat smaller than the 
observed values, and Rutherford and Robinson believed that the differ¬ 
ence is larger than the experimental error, and that the radioactive 
bodies evolve heat in certain other forms still undiscovered. Hess and 
Lawson are of opinion that Ruth or ford’s value of Q was too small. 

The amount of energy due to the stoppage of (i and y-rays are 
exceedingly small compared to that of a-rays, but they have given 
very interesting informations regarding the number and origin of 
these rays. They will be treated in the chapter on Nuclear Physics. 

83. Age of Minerals from Radioactive Data. —The origin 
and age of the Earth has excited speculations among philosophers 
in all ages. According to the nebular hypothesis of Kant and 
Laplace, the Earth and the other planets had separated at some distant 
epoch from the central nebular mass which later condensed into the 
Sun.* In process of time, these detached masses underwent rapid 
cooling and became condensed as liquid with a solid crust on the 
surface. According to certain indirect evidences the inside of the 
earth consists of a fluid magma mostly composed of molten iron in 
which the other elements either in elementary or compound form are 
dissolved. When the surface cooled, some of these materials 
separated like slags out of molten iron in the smithy, and formed the 
solid lithosphere to a depth which has been estimated variously at 
100 to 200 kilometers. In process of time, as the surface cooled 
down still further, life appeared on the earth and gradually underwent 
the different stages of evolutions studied by the Paleontologists. It 
is a favourite problem with the scientists of different classes to find out 
the epoch at which the formation of earth’s crust started. The 
geologists were the first in the field, attacking the problem mainly 
from the records of plant and animal life left on different rocks. 

* For modern theories of the origin of the solar system, see Jeffreys, 

Krgebnisse d. exakten Naturwiss, 7, 1. 
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They thus divided the rocks into a number of groups in order of 
the age. The earliest rocks were called azoic as they showed no 
traces of life. The next sample was called protoxoic , as life appeared 
in them in extremely simple form (protozoa). Then passing 
through the mesoxoie age when reptiles flourished, the present age 
(lmwoxoic) reached when mammals and ultimately man have 
appeared on the earth. Each of these epochs is further subdivided 
into a number of sub-epochs shown in Table 8. For a complete 
knowledge of the groups, a standard book on geology must be 
consulted. 

Lord Kelvin attacked the problem from a purely physical point 
of view. It was observed that the temperature of the Earth's 
interior increases with depth at the rate* of about 2 # C per 100 
metres. If this rate of increase continues, ultimately a depth will be 
reached when the temperature will be so great that all substances are 
in the molten state. This he assumed to be 3900°C. He next observed 
experimentally the mean conductivity of the rocks, that is to say, the 
rate at which heat is flowing by conduction from the interior to the 
outside. Next he pictured to himself the following mathematical 
problem. Let us suppose that initially the temperature of the crust 
was 3flOO°C, and it was allowed to cool by loss of heat. What time 
would elapse before the surface would be cooled to the present tem¬ 
perature and the rate of flux of heat would equal the observed rate ? 
Solving this problemt he found a figure of about 100 million years, 
which was considered by the geologists to be hopelessly low. 

It is now recognised that there was one great flaw in Lord 
Kelvin's assumptions. He believed that the only source of heat was 
the high temperature in the inside of the earth. But the discovery 
of radioactivity showed that in addition to this source, we have 
another, namely, the iieat evolved by radioactive bodies contained 
in minerals as discussed in §82. 

To obtain a precise estimate of this quantity, an analysis was 
undertaken of the amount of U and Th contained in the rocks found 
in the different geological epochs. It was found that if it were 
assumed that the core of the earth contained radioactive matters U 
or Th to the same extent as the rocks, the amount of heat evolved 
would be much larger than what was needed for compensating the 

* E. Kayser, Lehrbuch dev Geologie , p. 60. 

f See Text Book of Heat , Saha and Srivastava, p. 331. 

F. 22 
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energy loss by cooling. This can be seen from the following 
considerations.* 

Let Q = the amount of heat lost per see. by cooling, K = conductivity 
of earth’s crust, and r = radius of the earth. Then 

Q = 4nf«. K. 

where d$/dx denotes the temperature gradient along the depth of the earth’s 
crust. From actual observations it has been found that K — *004 cal/cm.2 
sec., dSjdx = 3*2 x 10" 4 grad/cm. Also 4 jd 2 = 5*1 x 10 18 cm 2 . Hence 
Q =6.10 12 cal/sec, Since the amount of heat evolved by 1 gm. of U 
is 2*5 X 10“ 8 cal/sec., the rate of earth’s cooling can be compensated by 
0. 10 12 

‘>r- m- iT ~ 2*4 xl0 zo gm. of U. Supposing U occurs throughout the 

earth’s volume in the same proportion as in the rocks, the total amount of U 
contained in the earth would be 3*6 X 10 22 gm. which is thus 150 times greater 
than the amount required for compensation. Similarly the amount of Th 
calculated in the above way is 130 times greater than the required amount. 

The belief has therefore grown that the interior of the Earth 
contains radioactive matter in much less proportion than the rocks 
and minerals forming the earth's crust. 

The age of the minerals, that is the time which has elapsed 
since they were first deposited in the solid state from the fluid 
magma can be estimated in a less objectionable way, from the 
helium and the lead contents of the rocks. It was early noticed that 
many geologically old minerals rich in radioactive substances U and 
Th contained helium in considerable quantities. Most of these 
minerals were very compact in form and dense in structure and 
impervious to water and air. It was therefore supposed that ever 
since the epoch when these substances separated from the fluid 
magma as solid rocks, the U and Th contained in them have been 
disintegrating and ultimately the a-rays emitted during these 
disintegrations have been accumulating as helium. So an estimation 
of the helium-content would yield a good value for the age of the rocks. 

It was shown even in the early days of radioactivity that helium 
was present in the gas released on heating a radium-salt or dissolving 
it in water. Struttf (Lord Rayleigh II) showed how the helium 
content in the original rocks from which the radioactive matter has 
been extracted can yield us an estimate of the age of the rock. To 


* After O. Hahn, Handbuch der Physik, XXII, p. 292, 
f Struty Proc. Roy. Soe. A, 84, 379’, 1911. 
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take one example : the mineral thorianite from Ceylon from which W. 
Crookes first discovered thorium, was found to contain 68% of Th and 
11% of l J, and yielded 8*9 c.c. of helium gas at N. T. P. per gm. of the 
mineral. Now one gm. of IJ in equilibrium with its products yields 
97 X 10 4 a-partieles per sec. which correspond to 1*10X10" 4 c. mm. 
of He-gas per year. One gm. of Th in equilibrium with itsproducts 
produces 27X10 1 a-particles which correspond to 3*1X10"* c. mm. 
of He per year. 

So 1 gm. of the mineral would produce per year 11X *11+3*1 X 
*68 or 3*3X10" 5 e.mm. of He per year. Continuing at this rate, the 


mineral would require 


8*9X10 3 


3*3X10"* 


2*7 X10 8 years or 270 million 


years to produce the quantity of helium actually found in it. Hence 
the lowest estimate of the time of deposit of Ceylon-thorianite is 270 
million years. 

Two assumptions are involved in the above calculation: (l) at 
the time when the mineral was formed, no helium was present 
throughout its volume, (2) no helium gas has escaped from the mineral 
during the time it has been in existence. The second assumption 
may be taken to be true as long as the mineral is very compact, and 
impervious to air and water. The first also may be taken to be cor¬ 
rect, as the hot fluid magma from which the mineral separated is not 
likely to hold any gas in solution. 

In the table, on the next page, the age of minerals of different 
geological epochs determined according to the above method is 
given. The table is due to Lawson*. 

Another way of calculating the age of the minerals is from the 
estimation of their lead-contents. It has been explained in §60, 61 
that the end-products of the transformation series of both U and 
Th are isotopes of lead. Since the amount of lead formed per year 
from any of these elements in equilibrium with its products can be 
calculated, the age of the minerals can also be calculated from their 
lead consents in exactly the same way as in the case of helium. 
This would give a more reliable estimate of the age, as it does not 
involve the assumptions made in the other case. The ages calculated 
in this way are shown, in column V of the table. 

Recently Lord ‘ Rayleigh II has found a considerable amount of 
helium to be present:, in some old specimens of the mineral 


* R. W. Lawson, Naturmssenschaften , 5, 429, 452, 1917. 
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S .— Age of radioactive minerals. 


Geological Epoch Mineral 


Agk calculated in 

Locality where - 

found From From 

He-content. Pb-content 


1. Tertiary or Kaino- 
zoic 

Pleistocene ... 

Pliocene 

Miocene 

Oligocene 

Eocene 

2. Secondary or Me¬ 
sozoic 

Cretaceous ... 

Jurassic 

Triassic 

3. Newer Palaeozoic 

Permian 

Carboniferous 


Zircon Campbell Island, 

N. Z. 

Zircon Expailly, Au¬ 

vergne 

Siderite Rhein province 

Haematite 


Zircon N. E. Tasmania 


Devonian 

4. Protozoic and older 
Paleozoic 

Silurian 

Ordovician 

Cambrian 

Upper pre- 
Middle pre- 

Lower pre- 
Tertiary (?) 

Middle pre- 

5. Archaean or Azoic 


Haematite | Caen 


jThorianite Ceylon (S.) ... 

IThorianite Ceylon (G.) 
Zircon Oslo, Norway... 


Zircon 
j Sphen 

(Sphen 

f Zircon 
(Sphen 


Uranite 

.Uranite 

Zircon 


Ceylon 

Arendal, Nor¬ 
way 

Tweederstrand, 

Norway 

Ontario, Canada 
Ontario, Canada 
Spruce, Pine, 
N. Carolina 
Annerod, Nor¬ 
way 

S uebec, Ontario 
ozambique ... 
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beryl (composition Al 2 Be 3 (Si 0- 3 )«. He analysed a large number 
of specimens of beryl obtained from widely distant localities and 
belonging to different geological epochs. He observed the largest 
He-content (77*0 c.mrns. per gm.) in beryl from pegmatite on the 
Bangalore-Kankanhalli Road, Mysore, India. Geological evidences 
show that this particular specimen belongs to the basic archaean 
platform of India. In general, he found that the He-content in 
beryl in rocks of the same age vary within wide limits, e. g., for 
Archaean rocks it varies from 77*6 to ‘0550 c.rams. per gm. But as a 
rule the minerals of any particular ago are richer in He-content than 
those belonging to the following ages. He ascribes the variation to 
the possibility that beryl deposited in the same age can lose He 
by varying amounts on account of exposures. From this it appears 
plausible that He is continually generated from beryl throughout 
geological time in a way which is not yet clearly understood. It 
could not have been present at any early stage in the history of 
any specimen. For, in that case the tertiary specimens (youngest) 
which have the least opportunity of losing their content should have 
been the richest in He compared to the others. 

Books Recommended. 

*3. T. Meyer and E. v. Sehweidler— Radioaktintdt (1916). 

E. Rutherford— Radioactive Substances and Their Radiations (1913). 

E. Rutherford, J. Chadwick and C. D. Ellis —Radiations from Radio¬ 
active Substances (1930). 

A. S. Russel— The Chemistry of Radioactive Substances (1924). 

F. Soddy. Interpretation of Radium (1920). 

G. Hevesy and F. Paneth—A Manual of Radioactivity (1926). 

(English translation) 

Handbuch dev Phipik, Bd. XXII, Chap. 2 C, D, and Chap. 3 
A, B, C. 

K. W. F. KohIransch —Radioactivitiit in Handbuch dev Experimental 
Physik , Bd. XV, (1928). 

Report of the International Radium Standards Commission , Brussels, 
1930—in Review of Modern Physics , Vol. 3, p. 427, 1931. 
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THE PHYSICAL PROPERTIES OF LIGHT 

84. Introduction.— It need hardly be emphasized that light 
is the chief agency through which impressions of the phenomenal 
world is conveyed to our senses. Through its interaction with 
matter, it gives rise to physical phenomena which fill up the largest 
part of Nature's canvas. It is therefore clear that if we wish to 
understand Nature, we must try to have a correct idea of the physical 
properties of light. 

The task is not an easy one, as the properties of light can only 
be inferred from the phenomena to which it gives rise through its 
interaction with matter. The process of study has therefore been 
lv>tli deductive and inductive, and the different theories of light 
which have been proposed from time to time have undergone rather 
violent changes of fortune in course of time. But though a final 
theory may not be in sight even now, our knowledge of light has 
progressed enormously owing to the constant effort to verify, supple¬ 
ment or supersede the existing theories, and to extend their scope of 
explanation to new fields of experience. It is difficult to take the 
reader through the innumerable circuitous paths and sidetracks along 
which knowledge on this subject has developed; we rather confine 
ourselves to the modest task of presenting only the salient land¬ 
marks. 

85. Physical Properties of Light—Corpuscular Theory 
of Light. —Every student of 'Physics is conversant with the early 
controversies regarding the nature of Light. The earlier philoso¬ 
phers had speculated from the rectilinear propagation that light 
consisted in the flight of corpuscles . The velocity of light was 
found by Romer to possess the value of 3X10 10 cm. per sec. from 
observations of the eclipses of Jupiter's satellites. A set of particles 
moving with such enormous velocity is expected to exert pressure 
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on material bodies on which they may fall. Though at the time no 
experiments could be earned out to demonstrate this effect, the 
observation that the tails of comets were found always to be turned 
opposite to the sun were cited in favour of the existence of the 
pressure of light. 

The laws of refraction seem to have been known to the Arabs, 
but in Europe they were first made public by Descartes who derived 
his knowledge from the works of Snellius, a professor in the Univer¬ 
sity of Leyden. The discovery of this law gave, rise to the following 
question: if the velocity of light in empty space be e, what is the 
velocity in a.medium having the refractive index «? It was shown 
that the velocity should be cu on the corpuscular theory of light. 

(A) Corpuscular Theory (B) Wave Theory 




' (II) Denser Medium 


Fig I. Infraction of light. 

Diagram 1 (A) illustrates the propagation of light on the corpuscular 
theory : (I) is air, (II) is a denser medium. P Q indicates the ray of light 
in medium (I), QR' in medium (II). If light consists of particles having 
momentum G, the component tangential to the dividing surface ON will 
have the same value. Hence the normal component must be different. 

Let <2] and 0 2 be the momenta in the two media. Then putting 
their tangential components equal 


0 1 sin i = Q 2 sin r 

Therefore, = ,ami = 

Q i V i si n r 

or > F 2 — nV\ ornc . , . 

if medium (I) is vacuum. 
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Diagram 1 (B) illustrates the propagation of light on the wave-view. 
PQ is the ray, QQ ; is the wave-front in medium (I). QR is the ray in 
medium (II), NR is the wave-front in it. It is clear that by the time the 
wave-front traverses the distance Q'N in (r), it traverses the distance QR 
in (II). Hence if l T u U 2 , are the wave velocities in the two media, 

Ui ___ QR ^ sm r _ 

TJ] ~~ Q'N sin i n 

or n 2 = ^ = i.(2) 

n n v 7 

if (I) is vacuum. 

The Wave-theory of Ltght 

The wave theory of light was first expressed in a definite form 
by Gh. Huygens in 1678, to account primarily for the phenomenon 
of double refraction. According to this theory, the velocity of light 
in a refractive medium is cjn and this fact is in sharp contra-distinc¬ 
tion to the result obtained from the corpuscular theory. But as 
Huygens failed to account successfully for the rectilinear propagation 
of light, the theory was abandoned for a long time. Huygen himself 
discovered the phenomenon of polarisation or two-sidedness of light , 
which is impossible to explain on any form of the corpuscular theory. 
But even this phenomenon could not be explained on Huygens* form 
of the wave-theory as he thought that light consisted of waves of 
condensation or rarefaction in the hypothetical medium aether . 

86. Revival of the Wave-theory. —The revival of the wave 
theory is, as is well known, due to Th. Young, in the early years of 
the nineteenth century. He showed that two beams of light, original¬ 
ly coming from one source, but split up into two sources by artificial 
means, can produce darkness {Interference of light) at points where 
they overlap. This experiment was reported to have been done by 
Grimaldi in 1665, who concluded from his experiments that as two 
beams of light can produce darkness light was not material at all; 
but not much credence was given to his experiments. Fresnel who 
entered the field in 1814, was the first to suggest that light consisted 
of transverse waves in aether. By the introduction of this hypothesis, 
he was able to account for the phenomenon of polarisation. Further, 
by using the device of dividing the wave front into zones which were 
regarded as giving rise to secondary wavelets, and using the pheno¬ 
menon of destructive interference of these wavelets, he was able to 
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account for the rectilinear propagation of light. (This is known 
usually as Huygens’ Principle, but in its present accepted form, it 
appears to be due to Fresnel.) 

87. Heterogeneity of Light.— 1 "he numerous experiments 
which were performed on interference an<l diffraction had the effect 
of convincing every investigator of the essential correctness of the 
wave theory of light. It also led to a proper understanding of the 
heterogeneous nature of light, which was first demonstrated in 1(5(15 
by Newton's prismatic analysis of white light. Newton had taken a 
right step towards the explanation of <he phenomenon by saying that 
white light was heterogeneous and consisted of light of difterentcolours, 
and these were separated by a prism as their refractive indices in 
glass are different. Young showed that lights of different colours have 
different wavelengths, and ho obtained nearly correct values of these 
wavelengths from a study of Newton's rings. But a precision method 
of measuring the wavelength was first discovered by Fraunhofer in 
his diffraction grating which has, to this day, remained a powerful 
instrument for the analysis and measurement of the wavelength 
of light of all kinds. 

88. Extension of the Range covered by Light. —For a long 
time, the word ‘ light' was used to denote visible light beginning from 
red (X^7000 A. IT.) to violet (X=^4000 A. U.). But there is no reason 
why the phenomenon should be confined between these two limits. 
As a matter of fact, we now know that there may be no limit on 
either sides. The wavelengths of different kinds of light are given 
in the following table. 


Table 1.—Electromagnetic Waves, 


Radiation 

Wavelength 

Method 

of 

Production 

Method of detection 
and 

analysis 

Discoverer 

Cosmic rays 

0000001 to 

Conversion 

Measurement of 

Hess 

(Super 

•ooi A. u. 

of matter 

absorption-coeffi¬ 

Kolbdrster 

Y-rays). 

into energy. 

cient. 

Millikan 
(1923), etc. 

Y-rays 

•001 to -09 

A. u. 

Radioactive 

disintegra¬ 

tion. 

(3 -ray spectrum 
and crystal re¬ 
flection. 


F. 33 
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Radiation 

Wavelength 

Method of 
Production 

Method of detection 
and analysis 

X-rays ... 

•01 to 136 
A. IT. 

Bo m bar d- 
! nient of 
! metal tar- 
| gets by 

! electrons. 

1. Crystal reflec¬ 
tion, and photo¬ 
graphy or ionisa¬ 
tion chamber. 

; 2. Grating diffrac¬ 
tion (soft X-rays). 

i 

E x t r e m e 
ultraviolet. 

136 A U. to 
1000 A. U. 

V a c u u m 
spark. 

Photography with 
vacuum gratings, 
plane and con¬ 
cave. 

Middle and 
near ultra¬ 
violet. 

1000 to 4000 
A. U. 

V a c u u m 
spark. 

Photography with 
prisms:— 

Fluorite 

(1100 to 2800 A. U.) 
Quartz 

(1850 to 11000 A. U.) 

i 

Visible 

light. 

4000 to 7000 
A. U. 

Spark, arc, 
flame. 

| Photography with 
quartz and glass 
prisms. 

Infra red... 

7000 A. U. to 
*4 mm. 

Heating ... 

1. Wire gratings 
and thermo 
couples. 

2. Residual rays:— 

From quartz. 

8‘5fi(l|i—10- 4 cm.) 
From sylvine 60 ji. 
From KI... 96 p. 

Short Hert¬ 
zian waves. 

1 to 10 mm. 

Spark gap 

1. Focal isolation 

2. Coherer 

1 

Hertz i an 
waves. 

| 

1 mm. to 10 4 
metres (no 
upper 
limit). 

1. Spark gap 

2. Trio'de 
valve os¬ 
cillator. 

1. Coherer. 

2. Crystal rectifier. 

3. Triode valve. 


Discoverer 


Rontgen (1895) 
Laue (1912). 


Compton (1925) 
Thibnud(l926) 
(soft X-rays). 


Millikan (1919) 
Lyman (1906) 
Siegbahn 


Schumann 

(1890) 

Ritter (1802). 


Newton. 


Rubens and 
N i c h o 1 s 


(1898). 


Wood (1912). 
Nichols and 
Tears (1924). 
Bose (1902). 


Hertz (1887). J 


89. Discovery of Spectrum Analysis. —The Spectrum analy- 
sis of light which was clearly formulated by Kirchhoff in 1859 was 
very far-reaching and extremely fruitful in its consequences* The 
atomic theory of matter had been formulated only a few decades ago 
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by Dalton to explain the laws of chemical combination, but apart 
from the chemical properties, no precise physical method was known 
for the identification of any atom. Kirch hoffs discovery showed,] 
for the first time, that every atom, when properly excited, emits: 
light of definite wavelengths which are as characteristic of it as 
a voice is characteristic of a man, or a note is characteristic of a 
musical instrument. A rich succession of finds of new elements 
followed this discovery, but for the purpose of this book, it should 
be remembered as having established the first connection between 
light and atomic physics. Ever sincr* the discovery, works on the 
characteristic spectra of elements and compounds are being carried 
on incessantly. The volume of knowledge thus gained is enormous 
and daily growing in size, and it has been mainly responsible for all 
the information we have got regarding the structure of the atom. An 
element like Fe emits more than 0000 lines between X3000 to X7000. 
This is sufficient to show that the atom cannot be of a simple structure 
like a lead bullet but must be extraordinarily complex, as has actually 
been found to be the case. 

90. Vicissitudes of the Wave-theory of Light.— Though 
the wave theory of light has added so much to our stock of know¬ 
ledge, its further course has not been without difficulty. If light 
consists of waves, the question naturally rises:—Waves in what? 
The earlier workers had said that light was due to waves in 
aether, a hypothetical element inherited from ancient times. But 
in spite of the best efforts to assign definite physical properties to 
aether, it remained largely metaphysical. Huygens thought that aether 
was a kind of superfine gas; but a gas is incapable of transverse 
vibrations ; so Fresnel thought that aether has the properties of an 
elastic solid. But there are grave difficulties in the acceptance of 
this hypothesis. For an clastic solid, when disturbed, gives rise 
not only to transverse waves moving with the velocity \\i/p but also 

to longitudinal waves possessing the velocity Some phy- 

v P 

sicists thought that probably gravitational action is propagated as 
longitudinal waves, but the suggestion could never be proved. Apart 
from this difficulty, if c be equal to y/p/p either the rigidity of aether 

is very great, or p is extremely small. But it is inconceivable that p 
is exceedingly large, for then we are led to the strange hypothesis 
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that planets and stars can move unhampered through a medium 
possessing great rigidity. If on the other hand, p be supposed to be 
extremely small, it is difficult to assign to such a medium the proper¬ 
ties of a rigid body. Further all efforts to detect absolute motion 
through tether gave negative results. So by 1905, all hopes of obtaining 
a material picture of tether, free from contradictions, had disappeared. 

91. The Electromagnetic Theory of Light. —Up to the 

time of Fresnel, the phenomenon of Light was regarded only as an 
isolated group, and no connection could be traced between this and 
other groups of natural phenomena such as electricity and magnetism. 
Though such a connection had been suspected by many, the first 
experimental proof was afforded by Faraday. He put a piece of 
glass between the poles of an electromagnet and passed a beam of 
polarized light through the glass parallel to the lines of force. It 
was found that when the magnetic field was switched on, the plane 
of polarisation was rotated through an angle which varied as the 
field. This clearly indicated that the polarisation of light can be 
affected by an external magnetic field. 

In order to explain Faraday effect Fresnel supposed that plane- 
polarised light consisted of equal amounts of circularly polarised light of 
opposite directions (right handed and left handed), and when this is passed 
through an isotropic medium in a magnetic field along the direction of the 
lines of force, the two oppositely circular polarised components are resolved 
and they travel with unequal velocities through the medium. 

The resultant effect is that when they recombine after traversing the 
magnetic field, the plane of vibration of the new plane-polarised light is 
rotated with respect to that of the original light. 

This idea was verified by Brace* who succeeded in showing that the 
two components are actually decomposed in the magnetic field, and one 
of these is retarded, while the other is accelerated by the field. 

Faraday’s experiment does not appear to have been followed by 
any speculation regarding the connection between light and 
magnetism. The first useful clue was obtained in the celebrated 
experiment of Kohlrausch and Weber (Note 1, Appendix) who 
found that the ratio between the e. m. and e. s, units of electricity 
ie just equal to the velocity of light _.* • 

*Brace, Wml Ann. d. Phys.,. 26, 576,1885 ; Phil. Mag,, (6); 1, 
464,1901. 
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In many quarters, this result was interpreted as indicating 
that electrical action is propagated with the velocity of light. But 
these speculations for the most part remained barren until Maxwell, 
with clear intuition, formulated the hypothesis that light is an 
electromagnetic disturbance in space. 

92, Maxwell’s Field Equations. —Though we are in posses¬ 

sion of all the mathematical work by which Maxwell arrived at 
his far-reaching theory, the mental processes which led him to the 
work are not quite clear. Before his time, scientists used to 
talk of two kinds of aether: (I) Fresnel’s aether which earned 

the light-waves, (II) Faraday’s {ether which finds itself in a state 
of stress when subjected to electrical and magnetic forces. 
Maxwell thought that the two rathers cannot be different but must be 
the same, and hence when light passes through them, the vibrations 
must give rise to electric and magnetic force. This conviction, 
coupled with the knowledge of Kohlrauseh and Weber’s results, 
led him to a train of mathematical works regarding the magnetic 
action produced by an electrical current, and the electrical action 
produced by a varying magnetic field. They express the mutual 
relation subsisting between the magnetic and electrostatic fields in 
any dielectric medium, and will be found in any book on classical 
electrodynamics. From these equations, Maxwell showed that 
light may be supposed as consisting of propagations of an alternating 
electric and magnetic force at right angles to each other, and at 
right angles to the direction of the ray. He further showed that 
his equations lead exactly to the same expressions for reflection and 
refraction as are obtained from the elastic solid theory of rather, 
but in addition, he obtained a new result that //. 2 =A*, the dielectric 
constant of the medium. 

93. Hertz. —It is to the genius of Hertz that the world is 
indebted for the demonstration of the fullest possibilities of Maxwell’s 
ideas, particularly of the hypothesis that a light ray is always 
accompanied by an alternating electric and magnetic force. He 
demonstrated by mathematical investigation that every oscillatory 
discharge produces about it electric and magnetic forces which are 
at right angles to each other and move forward with the velocity 
of light. The most efficient form is given by the Hertzian open 
oscillator. 
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Hertz produced electromagnetic waves varying from 100 to a 
few metres in length and showed that these waves had all the 
properties of light. His experiments were taken up all over the 
world, and still shorter waves were produced purely by electrical 
means. Righi, Lebedew*, Lampaf, and Sir J. C. Boset made very 
small oscillators and could produce waves as short as 4*mm. This is 
about 3 octaves lower than the longest infra-red ray. Recently 
this gap also has been bridged by Arcadicwa§, Nichols and 
Tears!!. 


94. Maxwell to Lorentz. —Hertz’s experiments and the 
short wave experiments clearly demonstrate that visible light can 
be produced by very minute Hertzian oscillators of atomic dimen¬ 
sions, in other words, when an atom is excited to emit light, it may 
be likened to a Hertzian oscillator having a minute self-inductance 
and capacity. To work out this idea more fully, we must have some 
model of the electrical structure of the atom. This was not 
forthcoming for a long time, and at first only crude models were 
used. But from 1880, the electrical theory of matter seems to have 
captured the minds of many physicists, and Lorentz in particular 
introduced the idea of discrete charged particles to supplement 
the theory of Maxwell. 

This was a distinctly progressive step, for Maxwell’s theory, 
as left by that great investigator, was confined to the treatment of 
light as an electromagnetic disturbance in free space (or free tether 
as it was then called), and it hardly made any serious effort to ex¬ 
plain the phenomena in the interior of material bodies. The introduc¬ 
tion of the electron rendered this possible—this became the* go-between 
between matter and light (or aether as they put it in those days). 
Thus Lorentz recast the whole theory of dispersion—constructed 
by Sellmeyer and Helmholtz on the basis of oscillations of elastic 
solid particles—in the mould of Maxwell’s theory. The vibrations 
of the electrons took the place of the vibrations of the elastic solid 
particles. The equivalent electric current due to motion of electrons 
was added to Maxwell’s displacement current, and expressions were 
obtained for the variation of refractive index with wavelength/ 

* P. Lebedew, Wied. Ann., 56, 1, 1896. 

f A. Lampa, Wien . Ber ., 105, 587, 1049, 1896. 

t J. C. Bose, Asiatic Soc. Bengal , India , 1895. 

§ A. Arkadiewa, Zs. f. Phys., 24, 153, 1924. 

II E. F. Nichols and J. D. Tear, Phys. Rev., 21, 587, 1923. 
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which proved to be of great use in subsequent investigations. But 
the greatest triumph lay in the successful handling of Zeemann effect, 
which was due simultaneously to Lorentz and Larmor (rn/r 
Chap. X). 


95. The Electron as an Oscillator. — In 

gations, we regard the oscillations of the elec¬ 
tron as causing the phenomena of light. The 
electron becomes the atomic resonator. Follow¬ 
ing an investigation by Rowland, it was indeed 
proved by Lorentz that an accelerated electron 
becomes the source of electromagnetic radiation 
in the wav represented in the following diagram 

(Fig. 2). 


ill these investi- 



Suppose () denotes die position of the vibrating electron. If it vibrates 
with an acceleration v in the direction ON, electromagnetic waves will 
spread out from (). Let OP denote the direction (0) of one of the rays. 
Then the disturbance at P will consist of an electric field E in the direction 
PE and a magnetic field // along PH. The direction of the electric and 
magnetic fields will he at right angles to each other. The magnetic field 
is tangential to the circle OC, and the electric field lies in the meridian 
plane OPN. 


By making use of the idea of the electron-resonator, J. J. Thomp¬ 
son deduced his famous formula for scattering of X-rays, which 
proved to be of great use in the earlier days of investigations on the 
nature of X-rays. This work therefore pro-supposed the essential 
identity of X-rays and light long before Lauc’s discovery of 
diffraction of X-rays by crystals placed it beyond all shades of doubt. 


96. Revival of the Corpuscular Theory—The Quantum.— 

With the discovery of Hertzian wave, when the triumph of the electro¬ 
magnetic wave-theory of light seemed to be complete, there rose 
clouds from other quarters, and in fact from an observation first made 
by Hertz himself. The Maxwell-Hertz theory deals more with the 
propagation of light in any medium, it leaves the question of gener¬ 
ation.of light, at least when atomic dimensions are concerned, very 
much to itself. 

About the year 1890, some physicists began to study this problem 
from another point of view. It is well-known that when we heat a 
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body, it begins after some time, to glow, and emit light. It just 
becomes visible at a temperature of 525°C and as the temperature is 
still further raised, shorter waves of the spectrum begin to be 
emitted. At 800°C the colour emitted is still dull red, at 1300° it 
becomes yellowish, while at about 2500°C almost all the colours 
appear. At the temperature of arc, the light becomes bluish white. 
The connection between colour and the temperature is so close 
that experienced people can guess the correct temperature by simply 
looking at the furnace. Still, the nature of colour emission 
to some extent depends upon the physical nature of the body. 
But Lummer and Wien showed that we can realise a special 
type of body in which the emissivity has nothing to do with the 
physical characteristics, but depends only on the temperature of 
the body. Such a body is known as a perfectly blade body * and 
many experiments were performed, to find out how the intensity 
of light of a particular colour emitted by such a body, varies with 
the temperature. The results of these experiments form the basis 
of the theories of temperature radiation to which we now turn our 
attention. 

In the phenomena just described heat is being converted to light. 
It is well-known that heat is molecular motion, so that in this process, 
we are disturbing the atoms, they are knocking against each other, 
and their “ electromagnetic” constitution is being disturbed. The 
question arises : whether we can find out in what way the emission of 
light depends upon the temperature ? The task is a very arduous 
one, for it aims at connecting two great groups of natural phenomena 
rh. y Heat and Light. 

After the great success of the electromagnetic theory the path 
seemed to be clear enough. Let us take a black body chamber filled 
up with radiation, and containing some monatomic gas. Let us intro¬ 
duce a via media between radiation and the gaseous molecule. This 
is achieved by the introduction of Hertzian oscillaors of molecular 
dimensions ; these serve a double purpose : they absorb energy from 
the field of radiation, and transfer this energy by collision to the 
gaseous molecules. Planckf showed from Maxwell's theory and from 
the theory of Hertzian oscillators, that the following relation subsists 

* For a full account of the subject see Saha and Srivastava, A Text 
Book ofHeat , Chap. XI. 

f For the deduction of this relation see M. Planck, Warmestrahlumh 
Chap. V, Sec. II. 



§96 1 REVIVAL OF THE CORPUSCULAR THEORY 


185 


between the energy of an oscillator and the density of radiation in 
the space: 


3e 2 

~&TV 2 


U v 


. (3) 


where 


E v = energy of an oscillator. 


r v = density of radiation of frequency v. 


The oscillator is again in cquillibrium with + he gaseous molecules. 
Hence according to the law of equipartition of energy* 


E v = 3 IT 


Hence from (3) and (4), 


fj v ■* kT 


(4) 

(5) 


This law, deduced in various ways and at various dates by 
Rayleigh, Jeans, and Lorentz is obviously wrong, as all the energy 
is thrown into short waves, and was experimentally found to hold 
good only for long waves. Planckf obtained an alternative formula 
which was subsequently found to be correct for all regions of wave¬ 
lengths, but for doing so he had to introduce assumptions of a very 
radical nature. 

He assumes that the oscillators can have either a quantum of 
energy e or some multiple of it. It cannot have any intermediate 
value. Thus if we have an assembly of N resonators, some of them 
have the energy 0, some e, some 2s, . . . and so on. The average 
energy is easily calculated to be 

-yjjry—~ i Ils t ea <l of kT. .(6) 

We have to make s=Av in order that the formula may conform 
to the experimental results. Planck's assumption therefore marks a 
radical departure. The energy of an oscillator is supposed to be 
proportional to its frequency , and it can have, at any instant, an 
amount of energy which is a multiple of hv. Since the oscillator 
derives its energy by absorption from the field of radiation, it follows 
that radiation itself is atomic in structure, i.e., should occur in cells 


* For an account of the Principle of Equipartition of Energy see Saha 
and Srivastava, Text Booh of Heat , Chap. Ill, §19, or any standard work 
on kinetic theory of gases. 

t M. Planck, Verh. d. IX Phys. Gcs., 1900, 


F. 24 
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having the energy-content 7/v\ At least this was the interpretation 
which was put by Einstein on Planck’s hypothesis, and though, it 
was opposed to the usual concepts of light propagation, Einstein 
brought very strong experimental evidence in support of this view. 
This evidence is derived from the phenomena of photoelectricity , 
originally discovered by Hertz, and subsequently elucidated by Righi, 
Hallwachs and Lenard. 

97. The Photoelectric Phenomena.—The subject of “ Photo¬ 
electricity” arose out of an observation by Hertz* * * § that the passage 
of a discharge* between two electrodes connected to a source of high 
potential is rendered much easier when the cathode 1 is illuminated by 
ultraviolet light. The phenomenon was further investigated by Righi 
and Hallwaehsi* who showed that when an insulated metallic plate* is 
illuminated by means of ultraviolet light, it becomes positively 
charged. Lenard showed that, the* pe>sitive electrification was due* 
to the emission of electrons from the* metallic surface. He* measured 
the* ratio elm of the charges! particle*s and founel it was identie*al 
with that for cathode particle's. (-Itravmlot light can therefore 
release electrons from a metal. The* velocity e>f these electrons was 
found te> be e*xtreme*ly small, of the* order of a few volts. 

Lenard^ showed further that when the plate is illuminated by 
mono-chromatic light, electrons are released with all velocities, 
beginning with a definite maximum. The value e)f the maximum 
energy was found to change with frequency in a linear fashion. The 
time and intensity of illumination had no effect on the position of this 
maximum, though more electrons wore released in proportion. 

The nature of these results will be clearer after the study of the 
following description of an experiment of this class carried out with 
great care by Millikan § :— 

In these exx^eriments, the metallic surface which is to be illuminated must 
be fresh, and free from contamination of any absorbed gas or oxide layer. 
As this is difficult to carry out in the open, Millikan put the whole 
apparatus (Fig. 3) in vacuum within a glass vessel. Three cast blocks of 
metallic Li, Na and K are mounted on a wheel at the centre of the vessel. 

* H. Hertz, Ann. d. Phys ., 31, 983, 1887. 

f W. Hallwachs, Ann. d. Phys., 33, 301, 1888. 

t P- Lenard, Wien. Her., 108, 1649, 1899; Ann. d. Phys., 2, 359, 1900; 
Ann . d . Phys., 8 , 149, $02. 

For detailed study of photoelectricity, see Photoelectric Phenomena by 
Hughes and du Bridge, 1932. 

§ R, A. Millikan, Phys. Rev 7, 362, 1916. 
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Any one of them can be illuminated by light coming from a monochromatic 
source. Photoelectrons are 
released and tend to pass to 
the collecting cylinder C 
which is connected to an 
electromotor. A retardi ng 
potential (potential which 
prevents the electron from 
passing to C) is applied 
between C and the alkali 
block, and the current be¬ 
tween them measured. This 

tails gradually as the value Millikan’* apparatus for studying photoelectric effect. 

of the retarding potential i> 

increased, and ultimately reduces to zero value (curves in Fig. 4). The 
value of the potential for which this occurs is the maximum rriurdimf 
potential. It represents the' maximum energy with which electrons are 
released from the plate, by light of frequency v. We have 

hut; 2 -- energy of the electron ~ e V . . . . (7) 

where F— maximum retarding potential. 

Tin? blocks Li, K and Na are mounted on a rotating spindle which 
can be set in motion by an electromagnetic arrangement from outside. 
P is a knife-edge. As a block comes against P, a slice is cut off, and a 
fresh surface can be exposed. The apparatus is kept highly evacuated. 
8 is a copper disc which is used for compensating the contact potential 
difference between sodium and the collecting cylinder. The source of 
light was a mercury vapour quartz lamp, and it was passed through a 
monochromator, and rays of definite wavelengths were allowed to illuminate 
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Pig. 4(r/). Variation of photoelectric emission with retarding potential (Sodium). 

the alkali block. The curves in Fig. 4 (a) and (b) show how the current 
varies with the value of the retarding potential for different wavelengths. 
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Lenard and after him Millikan used the lines \ 2536, 3125, 3650, 
4339, 4047 and 5461 of mercury for investigating the photoelectric 
emission of Na-plates.. For any particular wavelength the current 



14 13 12 11 10 9 8 7 8 5 4 3 3 1 0 VolUXlO 

Fig. 4(6) 

diminishes as the retarding potential increases, until the current falls 
sharply* to zero, Le ., the retarding potential is just sufficient to stop 
the photoelectric emission. While examining the curves, the reader 
should bear in mind that the zero-point of voltage on the abscissa- 
axis has been chosen quite arbitrarily. It is due to the method of 
applying the voltage. A battery of high e.m.f. is shunted by a 
variable high resistance and one terminal is connected through 
the electrometer to the illuminated plate, so that different positive 
potentials can be imposed on it. In calculations only the difference in 
voltage is needed, hence the position of the zero-point is immaterial. 

It was also found that the maximum retarding potential varied 



Fig. 5. Variation of retarding potential with frequency of light. (Sodium) 


linearly with the frequency as shown in the above curve (Fig. 5). 


* In the recent experiments of Du Bridge, it has been found that the 
maximum potential is not so sharp as appears from Millikan’s experiment, 
but changes with temperature. In fact, the sharp cut is expected only at 
absolute zero. This however does not interfere with our argument, as 
Millikan’s experiment may be supposed to have been conducted a{ 
absolute zero. See however Du Bridge, Phya. Rev., 32, 961, 1928. 
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We obtain from the above experiments the following result, 
first derived by Lenard and verified by Millikan :— 

£ mv 2 =eV= av + constant.(8) 


The interpretation of this equation was given by Einstein * 
in 1905. He stated that a beam of light may be supposed to consist 
of corpuscles or light-cells each possessing the energy hv. When 
this corpuscle falls on a metal, it gives its whole energy to some 
electron. The electron requires certain amount of energy to be 
released from the atom. Let this be denoted by A. The balance 
will be converted to the kinetic energy of the electron. According 
to the law of conservation of energy, we have 


£ nw 2 ~eV— /ev —A .(9) 

or eV^h (v — v 0 ).(9a) 


If the incident light has a frequency less than v 0 , it cannot 
release any electrons. This is known as the “ threshold frequency ” 
and it has got a characteristic value for each substance. For 
alkalies, v 0 corresponds to infra red light, hence they are photoelec- 
trically sensitive to visible light up to red. A table of values of v 0 
will be found in the chapter on Thermoions . 

The investigations on photoelectric emission therefore clearly 
indicate that light of frequency v consists of corpuscles each having 
the energy hv. It can be easily shown that photoelectric emission 
is inexplicable on any other theory. For example it has been 
found that red light, however strong, and however prolonged the 

4 | 00 

exposure may be, is incapable of releasing a single electron from 
an element like zinc for which v 0 correspond to ultraviolet light. 
But the feeblest ultraviolet radiation of sufficiently large frequency 
can release the photoclectron instantaneously. The point is illustrated 
by the following example due to N. R. Campbell. 

Suppose Q is the strength of the source. Then the light absorbed 
by an atom at a distance r in time t is given by 

E ~Sr- m “ .< 10 > 

where a *» radius of the atom. 

We can put E slightly greater than -J mv 2 the energy with which 
the photoelectrons are emitted, and can calculate the time l required for 

‘A. Einstein, Ann. d. Phys., 17,132, 1905;20, 199, 1906. 
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absorption of this energy by a source Q. Q may be so feeble that t 
may be as large as 45 minutes. But experiments showed that tlie 
release of the photoelectron was instantaneous. So the law of conti¬ 
nuous distribution of radiant energy in space implied in (10) is false. 
The light-corpuscles haying the energy-quanta Av cannot be further sub¬ 
divided. The number of quanta passing at a distance r per unit area 
varies inversely as the square of r. 

The photo-electric experiments can therefore be regarded as 
crucial tests in favour of the new corpuscular theory of light, 
according to which each corpuscle of light has the energy //v. ‘A’ 

is known as Planck's universal constant. Its value, obtained from 
photoelectric experiments is 

A=()’577X10“ 27 ergs. sec. 

This can be obtained in the following way. The straight line 
in the figure 5 cuts the axis of v at about v ^48.10 1:? . Since it is of 
the form 

V— — V + A, 
c 

we at once get from the figure 

— = 1-375. 10- 17 

V. 

Using £>= 4 - 774 . 10 - 1 0 0 . s. units, we got. 

//=0'577. 10- 27 . 

98. Further Evidences in favour of the Quantum Theory of 
Light .*—The view that light of frequency v can'be supposed to consist 
of particles having the energy content ‘Av* has received confirmation 
from many other directions, and has now become fundamental for 
atomic physics, as the reader will subsequently find for himself. 
Einstein further postulated that a light-particle of energy Av may* 
be supposed to possess the mass hv/c 2 , and the momentum hv/r in the 
direction of propagation. These results follow from his law deduced ; 
from the principle of relativity that mass and energy are equivalent, 
being connected by the relation E=mc 2 . It can further be shown 
to give a satisfactory explanation of the ancient problem of the 
orientation of tails of comets. 

* For a fuller account of the subject treated in this and the following 
sections of this chapter see Astronomy , Russell, Dugan and Stewart, II. 
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99. Pressure of Light .—Astronomers had from very old times 
observed that when a comet sweeps past the perihelion of its orbit, ii 
develops a tail in addition to its central nucleus, but the orientation 
of its tail continuously changes so as always to be opposite the sun as 



Fiy. 0. Th«‘ tails of a oonirt in differ out positions on its orbit. 


shown in Fig. (). Those facts receive a ready explanation if we 
Mippose that when at a distance from the; sun, the comet consists of 
a central nucleus alone, probably composed of gaseous matter. 
When it nears the sun, strong light from the sun falls on the, gaseous 
envelope, and exerts a pressure on the particles composing it. As 
a result the particles arc impelled far into space in a direction 
opposite to the sun’s rays and form the tail. 

But the hypothesis that light can exert pressure on material 
bodies did not receive experimental verification for a long time. 
The failure of the early experiments was largely due to the ignorance 
of the investigators about the correct magnitude of the light- 
pressure. Maxwell was the first to throw light on this point. He\ 
deduced from the electromagnetic theory of light, that the magnitude] 
of the pressure should be 7/r, where the intensity of light. The 
occurrence of the large quantity c in the denominator makes light 
pressure extremely small, for example, the pressure of sunlight is only 
5X10" 6 dynes per cm. 2 Very fine apparatus is needed to detect such 
a small quantity, and still more elaborate arrangements are needed to 
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get rid of various spurious effects. It was only in-1900 thatLebedew* 
first succeeded in demonstrating experimentally the pressure of light. 

But Maxwell's proof of the existence of light-pressure had one 
limitation. It applied only to obstacles whose dimensions are 
larger than the wavelength of ordinary light. As atoms are much 
smaller than light-waves, it follows that his proof cannot be extended 
to atoms. The tails of comets therefore remain unexplained unless 
we suppose that they are formed of cosmic dust, /.c., of particles of 
about 10“ 5 cm. in linear dimensions. But the observations of 
cometary spectra show that the tails are composed of gases. 

100. Pressure of Light from the Quantum Theory. —This 
difficulty is removed by the quantum theory. For let us suppose 
that a light quantum hv falls on the atom and is absorbed by it. In 
this process a momentum of hv/r will be imparted to the atom in the 
form of a forward kick. The action may be likened to that of a bullet 
on a target. When the bullet gets embedded on the target, the 
momentum is imparted to the latter. The resultant pressure on the 
assembly of atoms is £(//v/c) X number of atoms receiving the 
kick X number of times each atom receives the kick per unit time, 
and this is I/c, where 1 is the amount of light absorbed by the 
atoms on unit surface in unit time. We thus arrive at the same result 
as Maxwell. If there is no absorption there can be no pressure, in 
agreement with Maxwell. 

101. The Selective Radiation Pressure. —Thus the quantum 
idea of light not only removes all doubt regarding the existence of 
radiation pressure on atoms, but it yields us a sounder view 
regarding the nature of such pressure. It says that such pressure 
is exerted only if the atom is capable of absorbing the radiation . 
Thus if white light is incident on Na-vapour, it is only the Di and 
D 2 light (and certain other lines, see Chap. VIII) which can exert 
pressure on the Na-atoms. The action is therefore Selective . 

These results have been applied with great success to explain 
the formation of “stellar atmospheres.” We illustrate the case with 
reference to the sun. The sun is supposed to consist of the photo¬ 
sphere , a central condensed core which gives white light like an 

* Lebedew, Ann. d. Phys ., 6, 438, 1901. 

For details of these experiments, see Treatise on Heat by Saha and 
Srivastaya, 
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intensely heated solid body, surrounded by a dilute atmosphere 
(technically known as the Chromosphere ) containing almost all ele¬ 
ments known on the earth in the vapour form. The gases of the 
chromosphere (or the lower part of it which is called the Reversing 
Layer) gives rise* to the Fraunhofer Spectrum by the Selective 
absorption of the outflowing stream of white radiation. A 
question which puzzled the astrophysicists before 1920 was 
the great height reached by some heavy atoms like Ca. For 
according to Maxwell's law, the number of atoms of an element like 
Ca at a height h is given by n~n.er T ''9 h / ke . As g on the sun is 
about 27 times g on the earth, and 0=6OOO°K, it can be easily shown 
that an element like Ca cannot reach to greater heights than say 
10 km. over the photosphere. But observations show that Ca rises 
to as great heights as 14000 km., as revealed by its chief characteristic 
lines H and K. This behaviour is not confined to Ca, but is shared by 
Sr, Fe, Na and many other elements possessing strong absorption lines. 

The phenomenon is thus explained : Let us suppose that a pulse 
//v corresponding to X 3968 (H) or X3933 (K) of Ca (rather of Ca + , 
vide Chap. IX) hits a Ca + -atom. The increment in upward velocity 
imparted to it is hv/mc= 2*5 cm./sec. But when Ca + absorbs this 
radiation, it is excited to higher state which is however unstable. 
After an interval of 10" 8 sec. it reverts back to the original state 
and is ready to receive another pulse. So the acceleration imparted to 

the Ca+-atom in a second is — • A , where A is the number of times 

cm 

the Ca + -atom is hit by the quantum of H and K-lines. As A is 
very large (nearly 1.0 8 ), the upward acceleration due to selective 
radiation pressure becomes very large, and probably exceeds the 
solar gravity. So the atoms of Ca + can reach great heights. 

The idea of “ Selective Radiation Pressure" is of great use in 
astrophysics and original sources* should be consulted to obtain a 
better idea of it. 

102. The Compton Scattering. —The theory that light con¬ 
sists of discrete particles having the energy hv and the momentum 
hvjc has received a very strong experimental support from a number 
of elegant experiments performed by A. IT. Comptonl* of Chi- 

* M. N. Saha, Nature , 1921. E. Milne, Handbuch d. AstrophijMk, HI 
(1) Chap. 2. 

t A. H. Compton, Phil Maq 21, 715, 1923 ; 22, 409, 1923 ; Bulb Nat , 
Res., No. 20, 16, 1922, 
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cago. We have already mentioned that X-rays are a kind of light 
haviug, on the average, thousand times larger frequency than or¬ 
dinary light. According to the light-atom view, they have therefore 
thousand times more energy than quanta of visible light. What 
happens when the X-ray quanta fall on free electrons? We can 
regard the process as one of collision between two particles. It is 
clear that in this process the electron will receive some energy from 
the photon (light quantum) and be thrown forward. Thus the photon 
will be deprived of a part of its stock of energy. Since according to 
the atomic view of light, the frequency is proportional to the energy, 

the frequency of the scattered photon will 
be diminished, or it will have a larger 
wavelength. Compton* and simultaneously 
Debvef showed that exact mathematical 
expressions for change of wavelength and 
other quantities can be obtained by applying 
the well-known laws of conservation of 
energy and of linear momentum. 

Fig. 7 illustrates Compton scattering 
phenomena. The primary beam consisting 
of photons having the energy //v 0 and mo¬ 
mentum hvo/c in the direction of motion 
encounters ail electron which is supposed to be free. Let us suppose 
that the electron is thrown forward with a velocity v, at an angle <P to 
the original direction of motion of the photon. The photon is scattered 
at an angle 0, with the energy hv. 

Applying the principles of conservation of energy, we have 

Total energy | Energy of the ] Energy of 

before r = electron > + photon 

collision J after collision J after collision 

hv o = bn 0 v 2 + hv . . . (11) 

Applying the law of conservation of linear momentum parallel 
to the original direction of flight of the quantum, as well as perpen¬ 
dicular to it, we have the two other equations : 



Fig 7. Scattering of light 
quanta by electron. 


Impulse of photou 
in the original 
direction 


Impulse of 
the electron 


Impulse of photon (after 
+ collision) in the original 
direction of photon. 


* A. H Compton, Phys. Rev., 21, 207 and 483, 1923; Bull. Not. Rex., 
No. 20,19, 1922. 

f P. Debye, Phys. Zeits., 24,161, 1923, 
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or 


//v 0 


C 


m 0 v cos <p 


,Av 

i-COS 0 . 

c 


. ( 12 ) 


Impulse normal to 
the original direction 
of flight 


Impulse 
of the electron 


Impulse of photon (after 
+ collision) perpendicu¬ 
lar to primary rays 


or 0 


m 0 r sin <f> 


hv 


sin 6 


(13) 


There are three equations, and four quantities to determine 
v, r, 6, qp. One of these must therefore be taken as known, and others 
expressed in terms of it. Let 0 be this quantity. Then we have on 
eliminating cp 

(t*)’ + (t)’ - 2 *?• • • <M> 

With the aid of (11), we obtain 

V -« V 0 — ~ “jfV 0 2 (1-cos 0) 


- = 2 (---)‘vo* U -cos 0) 

\moC/ 


In deducing these expressions we have assumed that 
hv 0 < <m 0 c 2 

This condition is fulfilled in the case of X-rays, but there may be 


cases (y and cosmic rays) where this may not hold good. 
Let Av be the change in frequency. We have 

Av — —" 2 (1 *” cos . 


m 0 e 


and the energy received by the electron 

thy o \ 2 1 — cos 0 


w = h Av = (5a.) 


M 0 


(15) 


(16) 


In actual experiments, the change in wavelength of the photon 
is observed. Let ns have 


Av =,7-, (v 0 -v) 


Vo' 
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Now-—=*'0242 A. units. Hence 

m 0 c 

AX - k (1-cos#).(n) 

MoC 

= ’0242 (1-cos 0) . (17*0 

Also AX — sin 2 ° =2 A sin 2 — . . . . (18) 

m 0 cr 2 2 

where A=*0242 A. V. 

Compton showed that the reiation (17) can be put to an experi¬ 
mental test if the wavelength of scattered X-radiation be accurately 
measured. An idea of scattering of X-rays has already been given. 
When a beam of X-rays fall on matter, they are scattered sideways. 
The subject was mathematically treated by J. J. Thomson (ride 
Chap. VI) who proceeded on the hypothesis that X-rays are electro¬ 
magnetic waves which, falling on the electrons of atoms give them 
an acceleration parallel to the held. The accelerated electrons 
radiate energy on all sides which constitute scattered light. The 
scattering formula of Thomson (ride VI, § 112) was experimentally 
tested by Barkla, and led to the first rough enumeration of the 
number of electrons contained in an atom (vide Chap. VI). 

lit his experiments, Barkla* noticed that the scattered X-rays 
undergo a certain amount of softening or increase in wavelength. 
Compton argued that if the scattering atom be sufficiently light, then 
its electrons are bound to the atom with energy which may be very 
small compared to the energy carried by the photon; under such 
conditions, the electrons may be regarded as free , and the change of 
wavelength can be calculated as given in the text. He devised an 
ingenious apparatus to measure the change in wavelength at differ¬ 
ent angles of the modified radiation (X-ray photons modified by 
collision), and found that relation (17) is completely verified. 

103. Experimental Verification of Compton’s Theory.— 

The change in wavelength of the scattered radiation was verified by 
means of the apparatus in Fig. 8 . 

R ... Rontgen ray tube, A being the anticathode. 

S, S ... lead slits to get a parallel beam. 


* C. G. Barkla, Phil. Mag., 7, 550, 1904. 
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D ... scattering substance. 

S*, S ; ... slits in the path of the 
scattered beam. By adjust¬ 
ing them, rays scattered at 
any angle 0 can be spec¬ 
troscopically examined. 
Thus in the figure 0—90°. 
O ... crystal. 

I ... ionisation-chamber. 

E ... electrometer. 

The anticathode was of 
molybdenum which gave the 
characteristic K lines of Mo, 
K a , Kp strongly on a con¬ 
tinuous background. 



1 he beam scattered from D which was a slab of graphite was 
analysed by the crystal and the intensities measured by the electro¬ 
meter. The intensities were plotted against the glancing angles. 
The results are shown in curve in Fig. 9. 



Fig. i>. 

The broken line represents the intensity of the primary beam 
of X-rays from Mo. The first smaller maximum is due to K^, the 

second and higher maximum is due to K a (this is not resolved). 
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The wavelength of the K a -line as measured from the glancing angle 
is ^=708 A. units. The other parts of the curve correspond to 
general X-radiation with which we are not concerned. The full 
line represents the intensity of the beam scattered at 90°. The whole 
spectrum, including the maxima indicating K a and Kp are displaced. 

Measurement of the glancing angle showed that the wavelength of 
modified K a =730 A. We have therefore A/.=*022, while accord¬ 
ing to theory it ought to be ’024. The agreement is therefore 
perfectly sat i sfaet(>rv. 

Later Compton, Kallinau and Mark, Dauvillier and L)e Broglie 
and others substituted the photographic method in place of the 
ionisation chamber, and experimented with characteristic rays of 
different elements and different radiators. Their results are shown 
in Table 2. The photographic method is very laborious and 
sometimes exposures extending over 90 hours are needed. 


Table 2. 


Incident 

radiation 

K (A. u.) 

AX (A.IU 
at 6 = 90° 

Observer 

Wo K 

0-208 

*0240 

| De Broglie, 1\ A. Ross 
l Duane and Allison 

Ag K 

0'50o 

0223 

De Broglie, Hagen 

Mo K 

0708 

•0242 

Compton 

Au L 

MOO 

•0240 

Dauvillier 

Zn K 

1-436 

•0238 

Kallmann and Mark 

(Ju K 

1-541 

1 

~ -0240 

1 

Dauvillier 


Compton was not satisfied with a bare verification of his theory, 
but proceeded to put to test the other implications of his theory. 
A full account of these cannot be given here for which original 
sources must be consulted. A few leading results are given : 

(1) Change of Wavelength at Different Angles . 

According to (18), AX should vary as sin 2 0/2. This was verified* 
by using a Mo-tube, and a graphite radiator. For a given angle of 
scattering the intensity of different wavelengths in the scattered beam 
was measured by varying the glancing angles, and the position of 


* A, H. Compton, Phys. Rev ., 22, 409, 1923. 
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the displaced K a -line was determined from the position of the 
intensity maximum. 

The apparatus used is given in Fig. 10. T is the Mo-anticathode, 
and R the graphite radiator. The 
primary X-rays from T 
scattered at R at angles 0 pass 
through the slits K t and S 2 , and 
then to the crystal O of the 
Bragg Spectrometer I. In this 
way the wavelength scattered 
at an angle 0 can be measured. 

The angle 0 may be changed 
simply by shifting the X-ray t0 - Tht * ftx * u ‘ rlm<,, ’ tftl arrangement, 

tube, and the spectrum of primary radiation may be obtained by 
removing the radiator and receiving the direct beam, without 
disturbing the slits or the crystal. The intensity of the scattered 
beam for various glancing angles was thus known. 

The results obtained are 
shown in Fig. 11. The 
Ka -molybdenum line has 
been scattered at 45°, 90° 
and 135°. The upper curve A 
shows the spectrum of pri¬ 
mary rays, the curves below, 
B, C, D that for rays scattered 
at 45*, 90°, 135°, respectively. 
It will be noticed that the 
primary wavelength appears 
in every case at exactly the 
same position. But in B, C and 
D a second wavelength occurs 
at a glancing angle which 
increases rapidly with larger 
angle of scattering. Calculation 
shows that AX is exactly 
proportional to sin 2 0/2. 

(2) Modified and Un-modified Lines . 

It has been already mentioned that the Compton scattering is 
due to free electrons. But in the scattering material, all electrons 



6 ° 30 ' 7 ° 6 * 30 ' 7 ° 7°30 


Fig* 11* Graphical representation of scattered 
wavelength. 
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are bound, being attached to some atoms. They can be regarded as 
free only when the atom is light, and energy of binding of electrons 
is very small compared to the energy carried by the photon. But 
there may be atoms where this condition is only partially fulfilled, 
i.e., the outer electrons may be regarded as free, whereas inner 
electrons are bound. In such cases, the inner electrons show 
Compton scattering without change in wavelength. So there will 
be two beams: (1) a modified beam showing increase in wavelength, 
(2) an unmodified beam . The comparative intensities of the two 
beams will vary from element to element. For light atoms all scat¬ 
tered radiation is modified ; for heavy atoms, there are practically no 
modified rays. These inferences were verified by Ross,* and are 
illustrated in Plate III, Fig. (12-V). In this the scatterings for the 
four different elements C, Al, Cu, Ag at the same angle 90° have been 
compared. It will be seen that as we pass from the lighter to heavier 
elements along the series, the intensity of the scattered radiation 
remarkably diminishes, while the intensity of the primary radiation 
gradually increases. 

A beautiful series of inierophotograms of the intensity distribution 
of modified and unmodified lines for elements from Li to Cu has 
been obtained by Woo.f 

X-rays (X.—10“ 11 cm.) have about 100 times the frequency of 
medium X-rays, and hence relative to them, electrons of almost all 
atoms may be regarded as free. y-rays show no unmodified lines. 
This was observed by Ross,t and also by Compton.§ 

(3) Experimental Evidence regarding Recoil Electrons . 

Compton and Simon II proved the existence of recoil electrons 
by using the Wilson cloud-chamber method of photographing the 
track of electrons. 

The distribution of recoil electrons and scattered photon in 
different directions is shown in Fig. 13. 

The radius of the dotted semicircle denotes the energy of 
the primary quanta hv 0 and the arrow to the extreme left denotes 
the direction of incidence. The full curve in the upper half of the 

*P. A. Ross, Proc. Nat. Acad., 10, 304, 1924. 

+ Y. H. Woo, Phys. Rev., 27, 122, 124, 1926. See also Compton’s 
X-rays, p. 268, Fig. 110. * 

t P. A. Ross, Science 57, 614, 1923. 

8 A. H. Compton, Phil. Mag., 41, 760, 1921. 

jl A. Compton and W. Simon, Phys. Rev., 25, B06,1925, 4 
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figure shows the distribution of energy of the scattered quanta kv, 
and the curve in the lower 
half shows that of the recoil 
electron. The amounts of 
scattering at different 
angles marked 1, 2, . . . 10 
are indicated by the radius 
vectors starting from the 
centre of scattering, and the 
corresponding energies E 
of the recoil electrons are 
represented in the lower 
figure by radius vectors of same numbers 1, 2, ... 10. It will be 
seen that in the direction 0=0, hv=hv 0j and then as 0 increases, 
^diminishes and it reaches minimum value (AX“2-4 0 ) at 0=180°. 
The distribution of energy of the recoil electron is complementary to 
that of the scattered photon. 

Compton arrived at the idea of this experiment from an examina¬ 
tion of the tracks of y-rays and of hard X-rays obtained by C. T. R. 
Wilson* and Bothef. The latter had sent a beam of y-rays through 
a cloud chamber, and photographed the tracks. The y-rays when 
they hit the atoms and molecules in the cloud chamber release 
electrons with considerable velocities which passing through the 
atoms ionise them. The track of ionisation is visible in the curved 
paths shooting out from the direction of the main beam. Compton 
observed from a scrutiny of these photographs that some paths 



Fife. H 

of these secondary electrons were short, others long. The two types 
of tracks can be clearly seen from the photograph in Fig. 14, which 

* cTt7r; Wilson, Pror.'Roy. Soc. A., 104, 1, 192, 1928, 
t W. Bothe, Zs. f. Phys ., 16, 319, 1923. 

F, 26 



Fife. 18. Energy distribution of scattered photon 
and recoil electron. 
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shows the tracks of the hard X-rays. He concluded therefore that 
two processes were at work. A y-rny may release an electron either 
by recoil (as in Compton effect), or it may give the whole of its 
energy to some electron which emerges out with the velocity 
■hnv 2 ^h{v-v 0 ), as in photoelectric effect. These may be called 
“ Photoelectrons.” The tracks of these two kinds of electrons will 
be characteristically different. 

104. Geiger and Bothe’s Experiment. —Though Compton’s 
experiments form the most unmistakable proof that light consists 
of swarms of particles with the energy />v, and linear momentum 
hv/c along the direction of flight of photons, and that both these 
quantities are retained by the photon until it encounters matter, 
yet the difficulty of reconciling this view with tin* wave theory of 
light is so great that attempts have been made to show that Com¬ 
pton’s results may be deduced on alternative grounds. According 
to a view advocated for a time by Bohr, Kramers and Slater,* the 
conservation laws which wore assumed by Compton were interpreted 
as being of statistical nature. />., they were supposed to hold good 
when a large assembly of particles was concerned. For individual 
processes they were not supposed to be correct. But this view was 
negatived by the experiments of Geiger and Bothet who showed that 
the laws held good for each unit mechanism and not merely for the 
average. This they proved by showing that the scattering of the 
photon and ejection of the recoil electron are simultaneous processes. 
This should be the case on the quantum theory, while on the, statistical 
view of the phenomena, there should be no correlation between the two. 

The principle of the apparatus is illustrated in Fig.' 15. 

The apparatus consists of two Geiger-point-eounters P, P 
(vidr I, § 13) placed opposite each other with the wires in the same 
line facing each other. The primary beam of X-rays is passed 
between the two counters, and is scattered by H 2 -gas. In accor¬ 
dance with the theory given in § 102, the scattered quanta go to one* 
side, the electrons to the other side as represented in Fig. 15. 
One counter (to the left) which is closed by a thin Pt-foil (for 
preventing the passage of electrons) detects only scattered photons 

* N. Bohr, H. A. Kramers, J. C Slater, Phil., Mag., 47, 785, 1924; 
Zs. f : Phys., 24, 69, 1924. 

t W. Bothe, and H. Geiger, Zs f Phys ., 20, 44, 1924; 32, 689, 1925; 
Pfaturwi88.. 20, 440, 1925, 
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and may be called the 
the recoil electrons, as 
well as the photons 
scattered on this side. 
This may be called the 
electron-counter. 

Whenever a photon 
enters the photon-coun¬ 
ter there is a sudden 
kick in the recording 
electrometer due to the 
photoelectrons emitted 
by it from the Pt-foil. 
But the kicks registered 
in the electron-counter 
The impulses of the 
a moving film. 


photon-counter. The other is exposed to 



Ki£. 15. Ociger and Hothe’n apparatus. 


are directly due to the recoil electrons, 
counters were recorded photographically 
on a moving Him. Bothc and Geiger observed that over a total 
period of 5 hours, there were (i() coincidences, that is, the emissions 
of the electron and of the quantum were simultaneous processes. 
They also calculated that on the statistical theory, the probability 
for such a coincidence was 1 in 400,000. 

Much work has been done recently on the further development 
of Compton effect. But we shall not elaborate the subject here and 
defer it to a later chapter. 

Further evidences regarding the quantum view of light have 
been obtained from the phenomena of combination scattering (the 
Raman Effect) in which the collision of light quanta with molecules 
causes a modification of the quantum depending on the vibration 
characteristics of the molecule. This subject will be treated in 


detail in Chap. XXII. 

The picture of light represented here is however not complete, 
as it fails to take account of the phenomenon of polarisation , and 
the electromagnetic aspect of light. We shall discuss this question 
later on. 




CHAPTER VI 


RONTGEN KAYS 

105. Story of Their Discovery. —Routgcn-rays were dis¬ 
covered by W. K. Rontgen, professor of physics in the university 
of Wurzberg in Bavaria in the year 1895. While working with 
a highly evacuated cathode ray tube, he noticed that a screen 
containing a deposit of barium platino-eyanide placed accidentally 
in the vicinity began to glow with iluoroseent light. He was 
thus aware of the generation of a new kind of radiation whose; 
origin was traced to the sides of the glass tube where the cathode 
rays impinged. The most remarkable thing about these rays was 
that even if a partition of wood or of other substances which are 
usually opaque to visible light was placed between the tube and the 
screen, the fluorescence continued. The rays were therefore quite 

different in nature from any hither¬ 
to known, as they possessed the 
property of passing through sub¬ 
stances which are usually classed 
as opaque. It was found that the 
rays blackened a photographic 
plate even when these were 
wrapped in black paper. 

Rontgen was aware of the tre¬ 
mendous importance of these rays 
for surgery and medical therapy, 
and gave to the world the first 
Rbutgenograph of the human hand 
in which the bones were marked 
out from the flesh (Fig. 1). In this 
chapter we shall deal with the 
rig. i. a Rontgen-photograph of hand. physical nature of the new rays. 

Rontgen found that the rays could not be deflected by a magnet.* 
Hence they could not be corpuscular but were electromagnetic! 

204 
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in nature like the ordinary waves of light. But he encountered 
great difficulty in establishing their identity with light. For 
all attempts to observe the usual properties associated with light, 
namely, reflection at a plane surface, refraction in matter, 
interference, diffraction and polarisation yielded only negative 
results. For seventeen years the nature of the rays presented great 
difficulties, till Lauc in 1912 proved decisively that the Rontgen-rays 
were a kind of ultraviolet light having wavelengths of the order of 
1 A.U., /.<?., thousand times shorter than that of ordinary ultraviolet 
light. The Rontgen rays were also called X-rays owing to their 
unknown nature. 

106. Investigations on the Nature of X-rays between 
1895 and 1912. —During all these years many important experi¬ 
ments were performed for elucidating the nature of X-rays. In 1896, 
J. J. Thomson and others observed that these rays‘rendered the air 
or gas through which they passed conducting. X-rays thus possess 
the property of ionising gases like cathode rays. This property is 
utilised for measuring their intensity and performing important 
experiments on absorption (vide supra). 

It was gradually found that X-rays were produced as a result of 
the impact of high speed cathode particles on the metallic target 
(anticathode). The knowledge of this fact gave rise to the common 
form of X-ray tubes usually seen in the market. 

107. Description of a Common X-ray Tube.* —An ordinary 
X-ray tube is shown in Fig. 2. It consists of a concave cathode 0 

R 


C 


Fig. 2. A common X-ray tube. 

usually made of aluminium. Aluminium is used as it sputters least. 
The anticathode T is generally in the form of a circular plate inclined at 

* Other types of X-ray tubes used in modern investigations will he 
described in a later section. 




206 


RONTGEN RAYS 


L vi 


an angle of 45° to the beam of cathode rays. It is usually provided 
with a backing of heavy copper tube which is sometimes hollow and 
cooled with water for carrying away the heat. The distance between 
the cathode and the anticathode is such that the cathode ray beam is 
focussed by the concave cathode as sharply as possible on the anticathode, 
Sometimes after continuous run the tube becomes hard, that is to say,f ; 
the discharge refuses to pass. This is due to the absorption of residual 
gas by the walls of the glass vessel. To cope with this situation J 
a piece of platinised asbestos is kept in a pocket at R; this when 

heated evolves some gas which is ionised by cathode rays and 

facilitates the passage of discharge. This heating is caused automa¬ 
tically in the following way: When the discharge refuses to pass 
between anticathode and cathode, it passes through the pocket R, 
because two wires lead out from it within short distance of anode A 
and cathode (J. The spark jumps on to these wires and the resulting 
discharge heats the asbestos. The function of anode A has not 
been very clearly understood, but it is said that it stops the current 
from flowing in the reverse direction. This process is known as 

softening of the tube. At the present time a valve is attached in place 
of R through which small quantities of air may be allowed to leak in. 

Stokes 11 and Wiecherty suggested that X-rays were electro¬ 

magnetic waves which were generated due to the sudden stoppage of 
high velocity cathode rays on the target. A very small fraction of 
the energy (ride supra) is found to be converted to X-rays the rest 
of it being converted into heat. Marxt undertook an elaborate 
series of experiments to find out the velocity of propagation of X-rays. He 
found that it had the same value as the velocity of light. According to 
some critics the result was not however unambiguous. 

108. Interaction of X-rays with Matter. —It' appears that 
Rontgen himself was aware of the fact that when X-rays are incident 
on matter, they could give rise to secondary radiations of several kinds. 

In 1900 Dorn discovered that when X-rays fall on matter, they 
eject cathode rays. This is analogous to the photoelectric effect. 
In 1905 Barkla obtained unmistakable proofs of secondary X-rays 
X-rays emitted by matter which are excited by the passage of 
a beam of primary X-rays), and concluded that the waves were 
transverse in nature. 

* Stokes, Proc. Manch. Lit. Phil. Soc., 1898. 

t E. Wiechert, Sitxungsber. d. Pkys. Ges,, 1894. 

t Marx, Ann. d. Phys., 20, 677,1906. 
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The result of interaction of X-rays with matter is shown in the 
following diagram (Pig. 3). X-rays coming from the anticathode T of 
an X-ray tube pass through the slits S, S and fall on the matter R. 
The various secondary emission phenomena which they can give rise 
to by interaction with R are indicated against the arrows. The 
arrows do not indicate the direction of emission, which on the other 
hand spreads more or less in all directions. 

The scattering of X-rays can be easily demonstrated by putting 
a piece of matter, say a paraffin block in the path of the X-ray beam, 
ft is found that if a fluorescent, screen be placed anywhere in the 



.15 


Scattered 

Transmitted rays 
Sen,,, 


X-rays (Thomson) 


en'a X- 


' rays <Co,rp l0nt 


e,p C(r ( 








/C 






*S/ C 


f 0* 


Fijr. *1. In (fraction ol X-rays with matter. 

surrounding space, it begins to glow showing that X-rays are. 
scattered by the block on all sides. The phenomenon is analogous 
to the scattering of light by the atmosphere which gives rise to the 
blue of the sky. The phenomenon of scattering was investigated 
in a series of classic memoirs by Barkla,* of which an account is 
given in § 110. 

109. Emission of Characteristic Radiation. -The pheno¬ 
menon of fluorescence is well-known in optics. If salts of some sub¬ 
stances in solution be exposed to sunlight and then brought in the dark, 
they begin to glow with light characteristic of the salts. Thus a solu¬ 
tion of quinine sulphate is seen to glow with blue light, an alcoholic 
solution of chlorophyl with red light, etc. This property is shown 

* C. G. Barkla, Proc. Roy. Soc. A, 77, 247, 1906. 
t Fluorescent screen contains a layer of barium platino-cyanide, 
which begins to glow (or fluoresce) as soon as X-rays fall on it This must 
be distinguished from the fluorescence described in § 109 where X-rays 
(ire emitted when primary X-rays fall op matter? 
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by many substances in solution, as well as many vapours like sodium 
and iodine. The emission lasts only for a short time. Sunlight 
is not absolutely necessary, any strong source of light would do. 
The important point to be noted is the fact that the nature of the 
exciting light has very little to do with the nature of the light 
stimulated. The stimulated light is characteristic of the substance, 
but it .was discovered by Stokes that the exciting light nimt 
be more violet, i.e.. must hare larger frequency than the light 
excited . This is known as Stokes Law of Fluorescence. The 
importance of the law was not understood for a long time, but the 
quantum view of light makes it absolutely clear. For the law simply 
expresses the fact that the energy of the exciting quantum must be 
larger than the energy of the quantum excited. 

A phenomenon analogous to this was discovered by Barkla and 
Sadler* in 1908 in the region of X-rays. They found that when 
matter is exposed to a primary beam of X-rays, then in addition to 
scattered radiation, which does not differ in nature from the primary 
beam, secondary radiations of a quite different type arc emitted by 
the matter. In contrast to scattered radiation these rays are charac¬ 
teristic of the matter which has been exposed to primary X-rays, and 
hence they are known as characteristic radiation. The only provision 
is that the exciting radiation must be sufficiently harder than the 
radiation to be generated by fluorescence. If they are softer, no 
characteristic radiation is excited. Barkla and Sadler perceived in 
this fact a striking analogy to Stokes* Law in the region of optical 
fluorescence. As a matter of fact, it is merely Stokes* Law applied 
to the X-ray region. 

The other phenomena depicted in Fig. 3 due to encounter of matter 
with X-ravs are: characteristic electron emission, and scattered 
electron emission. The former is analogous to photoelectric effect. 
The X-ray quanta, as they fall on matter liberate electrons according 
to the Einstein law imv 2 ~h(v — v 0 ). The phenomenon has already been 
described in Chap. V. The Compton scattering, discovered by A. H. 
Compton in 1923, is a softening effect of the incident radiation due to 
the quantum of light imparting a part of its energy to the electrons. 
After receiving this energy from the quantum, this electron appears 
as a recoil electron. This emission is known as scattered electron 
emission. This has been already treated in Chapter V. 

* C, G. Barkla and Sadler, Phil. Mag,, 18, 550, 1908, 
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110. Study of Absorption of X-rays.— The most important 
feature which distinguishes X-rays from other radiations is their 
high penetrating power. But it was early found that X-rays 
of different qualities differ widely in their penetrating power. If 
the potential applied to the X-ray tube is small, the rays • which are 
emitted are not very penetrating, while if the potential is made large, 
rays of great penetrating power can be produced. The potential 
can be roughly measured by placing a spark gap between two 
metal spheres in parallel with the X-ray tube ; the length of the 
gap between the spheres when a spark just passes determines 
the potential across the X-ray tube. In radio-therapy, and metal- 
radiography potentials as high as 000 KV are used. Rays of great 
penetrating power are also necessary when heavy metal castings are 
examined for flaws in their structure. Penetrating rays arc also 
called hard rays , and non-penetrating rays are called soft rays. We 
shall see later on that the shorter the wavelength of X-rays, 
the harder they are. 

The absorption 
of X-rays can be 
quantitatively 
studied with the aid 
of the following 
apparatus (Fig. 4). 

X-rays are gene¬ 
rated at the target T. 

The rays are restricted 
to a narrow beam by 
means of a lead slit S 
and allowed to enter 
an ionisation chamber 
I. On opening a key in 
the circuit (not shown) 

discharges pass Fig, 4, Study of absorption of X>rays. 

through the electro¬ 
meter which shows a deflection. Two deflections are obtained, one with 
the absorbing material A, in the path of the beam, and the other 
without it. The ratio of the two deflections is taken as the ratio of the 
intensities of X-rays entering the ionisation chamber in the two cases; 
and this gives a measure of the absorbing power of the material 
The procedure is repeated with X-rays of different hardness. The results 
are discussed in the following section, 

F* 27 
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111. Results of Investigation. —Early workers found that the 
primary X-rays emitted by an X-ray tube do not obey the well known 
Beer's law in optics. The Beer's law is 



where 7 0 5=8 the intensity of the primary beam, 

7 = the intensity of the primary beam after the absorber 
is interposed, 

d = the thickness of the absorbing material, 

(i — a constant known as the absorption coefficient. 

Thus In £°- = M 

When In 7 0 /7 was plotted against d, the thickness of the absorbing 
sheet, it was found that the graph was not a straight line. Also by 
increasing the voltage across the tube, the nature of the graph 
changed. It was supposed to be due to the fact that the primary 
X-rays were not homogeneous but that they consisted of rays 
of different penetrating powers. 

Let J 0 be the intensity of total radiation, consisting of different 
intensity components I u / 2 , 7*,.7 n having absorption coeffi¬ 

cients [ii, M -3 . * . . \in for a particular substance, then the total 
intensity I of transmitted ray will be given by the equation 

7-7,.-*++. 

Hence it is clear that Beer’s law in its simple form will not hold for 
heterogeneous radiations. 

Barkla and Sadler found that when a copper foil was irradiated 
by means of primary hard X-rays from the target, it emitted a 
fluorescent radiation all around, which had the remarkable property 
of being homogeneous and characteristic of copper. In other 
words when different thicknesses of aluminium were placed in the path 
of these secondary radiations, In I/I 0 plotted against d came out to be 
very nearly a straight line. Thus this radiation was found to possess 
a definite penetrating power. It must be remembered, however, that 
the primary X-rays give rise to scattered rays when they fall on the 
copper foil. This scattered radiation was the cause of the slight 
deviation from Beer s law observed in the case of the fluorescent 
radiation examined by Barkla and Sadler. But for heavy elements, 
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the effect of the scattered radiation was small compared to that 
of fluorescent radiation. Sadler,* however, eliminated it in an 
ingenious way. His arrangement is diagrammatically shown in Fig. 5. 
He allowed primary X-rays from the anticathode A of an X-ray 
tube to pass through the slits S, S and then to fall on a copper foil R t . 



I’lg, 5 . Barkla and Sadler’s apparatus for studying the absorption of characteristic 

radiation. 

The foil gives rise to secondary characteristic radiations and a 
feeble scattered radiation. These fall on another nickel foil R 2 as 
shown in the figure. The nickel foil emits its characteristic radiation, 
the homogeneity of which can be studied by means of an 
ionisation chamber I 2 . By this device the scattered radiation 
was almost totally suppressed. 

It was found by Barkla and Sadler that the characteristic 
radiation of copper can excite characteristic radiation in all elements 
like Ni preceding it in the periodic classification. But the copper 
radiation cannot excite zinc to emit its characteristic radiation. 
From these crude experiments, Barkla further discovered that 
when comparatively heavy elements like W and Pt are irradiated 
with hard X-rays, two kinds of fluorescent radiations widely 
differing in penetrating power are emitted. This discovery 
was made by Barkla in the following way. The copper foil 
Rj in Fig. 5 was replaced by a thin sheet of W, and the foil 
R 2 was permanently removed. Allowing comparatively soft 

*• C. A. Sadler, Phil Mag ., 18,107, 1909. 
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primary radiations to fall on Ri, the hardness of the fluorescent 
radiation emitted was studied by observing its absorption in an 
Al-foil placed between Ri and Ii. He found that for a certain range 
of hardness of the primary radiation, the characteristic radiation 
showed no increase in hardness, that is, was homogeneous. But 
when the hardness of the primary beam was increased to a critical 
value, the fluorescent rays showed a sudden rise in hardness. This 
was attributed by Barkla to the emission of a different character¬ 
istic radiation by W of greater penetrating power. Thus two 
characteristic radiations are emitted by W. The radiation of 
greater penetrating power was called K, and that of smaller 
penetrating power L radiation. 

Measurement by modern X-ray spectroscopes has shown that 
the K and L radiations are, however, composite of different 
radiations K a . . . (for the K-radiation), and L a , L p t L 7 

. . . . (for L-radiation), the subgroups differing slightly in their 

penetrating powers. These small differences could not, however, 
be detected by Barkla's rough measurements. In the case of lighter 
elements Barkla observed the K-radiations only. For the Ir¬ 
radiations in these cases were very soft and were therefore absorbed 
by air. 

It is thus clear that if we study the absorption of primary beam 
by W by changing the hardness of the former, we shall find that 
the absorption increases suddenly for some critical hardness of the 
primary rays. This is due to the emission of L-characteristic 
radiation by W, the energy of which is absorbed from the primary 
beam. If the hardness be increased still further, there will be 
another sudden rise in absorption corresponding to the emission of 
K-radiation. For these and later developments see Chapter XI. 

The quantity p in Beer's law can be written as 


-Jt pd 

p 


l~he 

where p is the density of the absorber. Let pd=m, where m is the 

mass of matter traversed by a pencil one cm . 2 in cross-section. 
Hence 


p 


I~I 0 e 

(i/p is known as the mass absorption coefficient of the substance. 
Sometimes, instead of p/p, the quantity \iA/Lp is taken as. the measure 
of absorption. Here A is the atomic weight of the absorber, and L 
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the Avogadro number. Since pL/A denotes the number of 
atoms in unit volume of the substance, we may introduce a new 
constant and put 

H A 

^atom ” p ij 


It is known as the atomic absorption coefficient and is denoted by 
p A . It represents absorption by an individual atom. Beer’s law 

takes the form 

/» A iuL 



-v. A n 


where n is the number of atoms traversed by X-rays per unit area. 

After.the development of the crystal method of analysing char¬ 
acteristic X-rays, the absorption coefficients of a large number of 
substances have been determined for a wide range of wavelengths 
11,000 to 80 X. 17.). A table showing some of these results are given 
at the end of this chapter. The p/p-values (mass-absorption co¬ 
efficients) are given. The values for wavelengths longer than A 2250 
X. U. have been recently obtained by Jonsson. For a full review of the 
results special treatises (Compton’s X-rays, p. 184 and Handbnch der 
Experimental Physik, 24, Kirchner, pp. 230 to 237) should be 
consulted. 

' For efficient methods of production of fluorescent radiation sec 
§145 on “ Spectroscopic Methods,” and for the relation of absorption 
coefficient with atomic constants see Chap. XI. 


112. Scattering of X*rays. —The scattering of X-rays was 
investigated by Crowther and more in detail by Barkla between the 
years 1903 and 1926. They found that scattering occurred at all 
depths and increased in amount with the thickness of matter travers¬ 
ed by X-rays. It was also found that elements of lower atomic weight 
up to sulphur scatter very much the same, mass for mass, but for 
heavier elements the relations are a bit complex. Barkla introduced 
a coefficient of scattering o which is similar to the absorption 
coefficient ft introduced in §111. The loss of intensity of the primary 
rays due to scattering is expressed by the law 
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where p — density of the scattering matter and hi = mass of scatter¬ 
ing matter traversed by X-rays per unit cross-section. It was 
shown by J. J. Thomson that 

a = 8 ji e^L Z 
P 3 m a c 4 * A 

where L = Avogadro number, A = atomic wt., aud Z = atomic num¬ 
ber. As Bark! a was guided by this theory in his works on scattering, 
a brief account of it is given below. 


113. J. J. Thomson's Theory of X*ray Scattering. —It can 

be proved from the electromagnetic theory of light, that when a 
particle of charge e moves with an acceleration b, it generates an 
electromagnetic field in space. The value of the electric and the 
magnetic fields* due to this at a distance r is given by 


E = H = 


ev n 

rr 2 >* 


( 1 ) 


Here v u denotes the normal acceleration, />., the component of acce¬ 
leration in a direction normal to the line of sight of the observer. So 
we can express v n as 


bn = v sin 0, where 0 — the angle between the direction of 
acceleration and the line of sight. 


This can be understood from Fig. 2, §95. 

The energy flux, ?>., the rate at which energy is radiated by the 
particle (the so-called Poyniing vector) is 


"--s'*"’ 


2 * 2 
e Vn 

4k r 2 c* 


(la) 


This is the fundamental equation of radiation by an accelerated 
charged particle. . 

J. J. Thomson applied this theory to the phenomenon of X-ray 
scattering. He supposed that the X-rays were, like light, electromag¬ 
netic waves in space accompanied by electric and magnetic fields 
which are at right angles to each other and to the direction of the 
beam. The matter through which the X-rays pass is supposed to 
consist of atoms each of which contains a number of electrons. These 


* For a proof of this relation see Compton’s X-rays, Chap. II, page 40. 
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electrons are set in accelerated motion by the periodic electric field 
associated with the beam of X-rays. As the electrons are acceler¬ 
ated they begin to radiate energy on their own account. The sum 
total of these radiated energy forms the total scattered energy and it 
is at the expense of the energy of the primary beams. 

Let us take an unpolarised beam OP of X-rays (Fig. fi) falling 
upon some electrons at P. We 
want to find the amount of energy 
scattered at Q. Draw two lines Pi 
and P2 in the plane perpendicular 
to OP, Pi being normal to the 
plane OPQ, and P2 in the plane of 
OPQ. Then the electric vector 
at P can be decomposed in the 
directions PI and P2. Let these 
components be Ep x and Ep u . Fur¬ 
ther since the primary beam is 
unpolarised, the electric vector lies 
in the plane perpendicular to OP 
at random. So we can set = Ep^=^ E p . 

Now the electrons at P are subjected to varying e. m. f. along PI, 
P2. The motion of the electron along any direction can be written as 

rnx + /■*=_ e E p . . . . ( 2 ) 

where x is the displacement-vector along either PI or P2, and f is 
the force of restitution. In the general case the incident radiation 
is continuous. Hence it can be written as 

E P = J Ee““ dp .(3) 

The motion is also quite complex and can be written as a Fourier's 
series 

x « J g e ipi dp .(4) 

Let the natural frequency of the electron be 

Po = '/f/m .. ( 5 ) 

Then it follows from equations (2, 3, 4 and 5) that 

5 *- - i fj^pMeVdp 



Fhf. «. 
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In the visible region we assume that p Po* This assumption 
will give us the Rayleigh formula of scattering for the visible range. 
But for the X-ray region we can suppose that p ^ p 0 * This gives us 





( 6 ) 


where r denotes the average acceleration along the directions PI or 
P2 along which the components of the electric field at P act. 

Hence according to (1/*), the energy radiation at P due to the 
acceleration along PI is 

_^ , (eEp \ 2 

4jtcV 2 v m ) 

a 

for, in — i sin (P1PQ) = ?), since Pi is normal to the plane OPQ. 
Again the energy radiation due to the acceleration along P2 is 



where 0=the angle between the primary and the scattered beam. 

For, here i\ = i sin (P2 PQ) sin cp ^ i cos 6. 

Hence the total energy S scattered at Q, is given by 


8 =- 


4:t c 6 m 2 r 2 


E P 2 (l+cos 2 0) 


(7) 


Now according to Maxwell's theory, energy density at P is 

^E P 2 1 2 

4jt 2n p 


and this is equal to - where I = intensity of primary radiation at P. 
c 

Hence eliminating E P 2 we have 



e 4 

8 =■-s—■;— n jT(H"C08 2 ^) ’ 

. (8) 


2 mVr 8 u 1 ’ 

. . . . 

or 

I ~ 2 m ’c'r’ a+ ° m ' l>) ■ ■ ■ 

. . . .(9) 


The total amount of radiation scattered in space is obtained by 
integrating the above expression over the whole surface of the sphere 
of radius r about P. 

We have 

jt 

2 n j (l+cos 2 0) r 2 sin 6 dd~ 4?t (1 + $) r 2 — r 2 
o 
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Hence the total intensity of scattered radiation 


Hence 




Site 1 

3/wV 


. I 


<V 


So _8 J te 1 

/ ;lm 2 f A 


. ( 10 ) 
• (H) 


Putting the values of r, in, and v in (11), we get S 0 / 10~ 2r \ 
This gives the scattering due to one electron. Suppose now that 
there are v atoms per unit volume, and each atom contains Z 
electrons. Then the total scattering by the mass contained in unit 
volume is 


a 


8:t 

3 


-VtmZ 

ate* 


( 12 ) 


If p = density of the scattering substance, then the mass scattering 
coefficient according to the definition is a/p. We have further 

n— L/(.A/p) ~ (pL)/A. lienee the mass-scattering coefficient is 

a 8a v. 1 L Z 

— n • 2 4*1 \»0/ 

P 8 in ( A A 

Now —= 1*77 X10 7 , ( - J ~9‘()45X10 ! . Hence 
inc r 


a 

P 




That is, the mass scattering coefficient is proportional to Z/A of 
the scattering substance. The simple theory sketched above applies 
only to amorphous solids. In case of crystals, liquids and gases 
the theory has to be supplemented by factors depending upon their 
internal structures. Much recent work has been done on this subject. 
For an account of this see §§ 183, 134, 155. 


113a. Experimental Study of Scattering. — The pheno- 
menon of X-ray scattering was experimentally investigated by Barkla* 
and later on by Hewlett, f The apparatus used by them are 
similar in essential features and has been shown in Fig. 7. 
The main purpose of these experiments was to determine the 
intensity of scattered X-rays for different angles of scat¬ 
tering, and then to find out the sum total of the intensity 


* C. G. Barkla, Phil. Mag. 21, 648, 1911. 
f C. W. Hewlett, Phys. Rev. } 19, 266, 1922. 

F. 28 
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of the scattered radiation. The latter would be equal to S Q 
in equation (10). Primary radiations from the anticathode Tfall on the 
scatterer R. The scattered radiations are emitted and are received in 

the ionisation chamber I. 
The latter is carefully 
screened from the direct 
effect of the primary radia¬ 
tions. The variation of 
intensity of scattered radia¬ 
tion with 0, the angle be¬ 
tween the primary and the 
scattered beams can be 
studied by changing the 
position of the ionisation 
chamber. Hewlett measured 
the variation of intensity of 
the scattered radiation over 
angles 0—0 to 0 — 180°. Then 
a curve was drawn in which 
the ordinates represented the scattered intensity S and the 
abscissae the angles of scattering 0. The integration necessary 
to <^et the total scattered intensity S 0 was performed both 
geometrically and mechanically. Recent workers have improved 
their apparatus, for example, Coade* has designed a homi-spherical 
ionisation chamber which surrounds the scatterer. In this case the 
integration of (S, 0) curve is not necessary, for the scattered rays 
from all sides enter the chamber together. 

In this way Barkla found that the mass scattering coefficient a/p 
for light substances was very nearly '2. We find from (14) that this can 
be explained if we suppose ZjA — 1, ?>., the number of electrons per 
atom is approximately half of the atomic weight. This result which 
was obtained at a time when there were wild speculations regarding 
the.number of electrons in an atom (it was supposed sometimes that 
the number of electrons was equal to atomic weight multiplied by 
1830) helped much to clarify our notions of atomic structure. These 
results were published almost simultaneously with Rutherford's 
estimation of nuclear charge from observations of large angle 
scattering of a-rays by matter. 



* Coade, Pkys. Rev., 36, 1109, 1980. 
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A typical set of results for light elements is shown in the follow¬ 
ing table due to Hewlett who used very nearly monochromatic rays 
(K a of Mo) for these measurements. 


Table L — M((ss-scatterimj coefficients (X%0*7A.[ T .) 


Scattering Suhstance. 

(°) 

' p ; obs. 

1 2 Z 

A 

Diamond 

0 

0199 

100 

Graphite 

V 

0'201 

i 1-00 

Lithium 

Li 

0-168 

: 0-84 

Benzene 

C«H, 

0-288 

| 1-17 

Mesitylene 

C 6 H 3 (CH 3 ), ... 

0-244 

| 

! 1-20 

Octane 

c 8 h I8 

1 0-248 

1-24 


It will be seen from the equation (13) that the mass-scattering 
coefficient is independent of wavelength of primary X-rays; but 
this was found hardly to be true even in light elements like carbon. 
Hewlett* proved that the value of the mass-scattering coefficient of 
carbon approximates to the theoretical value only when the primary 
rays have the wavelength 0\‘iA.l r . As the wavelength becomes 
shorter and shorter, the intensity of scattering falls below the 
value predicted by the theory. Many attempts were made to explain 
this fact on the classical theories, but were unsuccessful. The 
discovery of the Compton effect and the new quantum mechanics have 
tided over the difficulty successfully. 

Thomson's theory predicted that the mass-scattering coefficient 
would depend on the atomic number of the scatterer. The X-ray 
scattering for heavy elements was investigated by fiarkla and 
Dunlop.f They found that c/p varied with Z, and for the same 
element it changed rapidly with wavelength. 

In Fig. 8, Barkla and Dunlop's curves have been shown in which 
the ratio of a/p of Pb, Sn, Ag, Cu, to a/p for A1 is plotted 
against the wavelength. Aluminium was selected because the 

* Hewlett, Phys. Rev., 19, 286, 1921. 

f Barkla and Dunlop, Phil. Mag., 31, 229, 1916* 
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scattering coefficient of this element did not vary much with increas¬ 
ing wavelength. It is clear from the curves that the scattering 
increases rapidly with wavelength in the case of heavy elements. 



The interpretation is that when the wavelength is long compared 
with the distances between the electrons in the atoms, the phases of 
the rays scattered from the different electrons are nearly the sarins 
and so the total intensity increases. If the Z electrons act like a unit, 
the Thomson equation becomes 

o / (Zr) 1 2 /i\ 

* S 2(Zmy 1 e l r^ l+ b) ‘ 

t(H- cos 2 *) 

litter 

- S e Z 2 .(15) 

where N is the scattering due to single electron. 

It has been found by Allen* that actually the Z l -law is followed 
in the case of heavy atoms, in which we have a large number of elec¬ 
trons concentrated in a small space. On the other hand, for lighter 
atoms the Z-law is followed, as in their case the electrons are situated 
at comparatively large distances apart, and may be supposed to be 
scattering independently. 


* Allen, Phys . Rev., 24, 1, 1924. 
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114. The Polarisation of Scattered X-rays. —Barkla* first 
showed that the scattered X-rays are polarised. His apparatus has 
been schematically represented in Fig.!). 

X-rays from the tube R, limited 
by a slit, are allowed to fall on 
the carbon block P. The scattered 
X-rays fall on the second carbon block 
at A and are re-scattered. The first 
block acts as a polariscr and the 
second block as an analyser. The 
ionisation chamber I is placed first in 
the position 1 1 and then at 1 2 1’. It was 
found that the intensity at H was 
maximum, while at. 1 2 it was minimum. 

In Thomson's theory the primary 
rays have been supposed to be 
unpolarised ; but we can always resolve an unpolarised beam into 
two beams polarised at right angles to each other (say along X and V 
directions), so that the electric vector is always perpendicular to the 
direction of propagation. \n a direction 0 , there will be two scatter¬ 
ed beams polarised at right angles to each other and having the 
intensities 
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as has been already derived in Slid. In BarklaV experiment when 
the bosun scattered at at/2 (/.e., along X) was examined, the intensity of 
the latter component was zero. In other words the electric vector of 
the scattered ray PA was only along Y. If this polarised scattered 
radiation falls on the second scatterer, a similar argument will show 
that there will be no ray along A1 2 > for it lies along the electric vector 
of the first scattered ray as well as of the second scattered ray. At 1 1 , 
however, the intensity of the re-scattered rays will be maximum for 
reasons which arc obvious. Burkin's discovery proved conclusively 
that the X-rays are electromagnetic pulses or waves. 


115. Diffraction of X-rays—-Early Works .—In order to 
establish the wave-nature of X-rays, attempts were made by Rbntgen 
himself to observe their diffraction and interference. He tried to 


* Barkla, Proc . Roy. Soc 77, 247, 1906. * 

f Ali is parallel to Z-axis, and AI 2 is parallel to Y-axis. 
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observe whether there was any variation of intensity within the 
geometrical shadow of a slit illuminated by X-rays, but the result 
was negative. The experiment was repeated by Wind and liaga in 
1901 with a V-shaped slit (it consisted of two straight jaws intersect¬ 
ing at one end, the other ends being a few p wide, so that the narrow 
end of the wedge-shaped slit is only several pp in width). The result 
obtained was that the slit image was found broadened at the narrow 
end. If the effect be ascribed to diffraction, the wavelength 
of X-rays employed could be obtained on measurement of the 
distribution of intensity at different points of the image of the narrow 
end of the slit and determination of the observed positions of the 
maxima on the negative. Our present knowledge of X-ray wave¬ 
lengths inclines us to the belief that the effect of diffraction 
had actually been observed in this experiment. Some doubt was, 
however, thrown on the conclusion by the subsequent repetition of 
Haga and Wind’s experiment, and careful measurement of the plates 
by the photometric method by Walter and Polil* in 1908. They 
observed that the amount of broadening depended largely upon the 
time of exposure, and other minor effects produced by the photo¬ 
graphic plate, and consequently the experiments mentioned were 
not regarded as conclusive/)* Attempts were made to calculate the 
wavelength of X-rays by observing the velocity of secondary 
electrons ejected, on the basis of Einstein’s photoelectric equation, 
and the value was found to be of the order 10“ 8 cm. Though both the 
method and the results were correct, the photoelectric equation had not 
acquired the prestige it has got now ; so the method did not command 
general confidence, though it produced a general impression that 
X-rays were electromagnetic waves thousand tunes shorter than 
ultraviolet light. 

116. Laue’s Discovery. — After a number of fruitless 
attempts, the X-ray diffraction was demonstrated with undreamed¬ 
of precision by Prof. Lauet at Munich. He directed his attention 
to the use of a suitable diffraction grating, as is used in optical 
diffraction experiments. The requisites of such a grating can be 
easily seen from the fundamental equation of diffraction of light of 

* Walter and Pohl, Ann. d. Phy&., 29, 381, 1909. 

f For diffraction pattern of X-rays obtained with slits, see, § 160. 

% Laue, Friedrich and Knipping, Site. Per. d. Bay. Akad. d, Wiss. 
303,1912. 
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any wavelength X. The fundamental equation is 


sin 0 - 


, but it would be quite useless for light 


where 0 — the angle of diffraction, and n = the integer indicating 
the order of the diffraction spectra and d is the grating space. This 
shows that in order to have a measurcable value of 0 in the first 
order, d should not be much greater than X ; for if d be X> 0 
will be too small for practical purposes, In other words, the grating 
space must not be much larger than the wavelength of the diffracting 
light. Thus a grating with 5500 lines to the cm. (/>., d --- VS X 10“ 4 
cm.) would be ip n -frc all right for light of the wavelength X ~ 5892 X 

10" 8 cm., for 0 = sin" 1 y but it would be quite useless for light 

having X ^ 10" 8 cm. Such light would require a grating having 
1000 times as many lines per cm., />., the grating space should be of 
the order of 10" s cm., of molecular dimensions. 

Lane showed that though it was impossible to manufacture such 
gratings artificially, Nature herself had provided such gratings. 
These arc the crystals. The crystals according to a school of 
crystallographers including Bravais (1829), Schonfiies (1879) and von 
Fedorov (1892),* owe their characteristic geometrical shape to the 
arrangement of the constituent atoms in space according to a regular 
geometric pattern. To take one illustrative example :— 

NaCl crystals occur in the form of a regular cube, or can be 
shown to consist of a number of e f p 

elementary cubes placed in close 
juxtaposition. W e can explain H 
this formation by supposing that the 
sodium and the chlorine atoms are 
placed alternately at the corners of a » 
cube as in Fig. 10. A structure 
like this forms an elementary brick 
in the formation of an NaCl crystal, 
and if we arrange a number of such fi*.io. The Naci crystal, 

bricks suitably, we shall imitate the 

actual process of growth of the crystals. If the “growth” be 
perfect, the ultimate structure would be a cube, very much like the 



Fig. to. The NaCl Crystal. 


* For an account of the subject, see Sec. II, § 120. 
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elementary one. On this view, the crystal of NaCl consists of 
^ space-lattices formed by the intersection of three sets of parallel 
planes which are mutually at right angles, and intersect at equal 
intervals, the points of intersections being alternately filled by 
sodium and chlorine atoms. Supposing that the atoms represent 
opaque space, then the picture is the same as if we had taken a 
number of plane gratings having space of the order of molecular 
dimensions, and placed them one over the other, in a pile, the 
alternate gratings having their lines perpendicular to each other. 
Such a grating may be called a space grating . 

Lane calculated the actual diffraction by such gratings in the 
following way:— 

The position of the atoms may be denoted with reference to a 
set of coordinate axes (x, y, z), the planes of reference coinciding 

with the principal planes of the lattice 
structure. In the case of cubic planes, 
as in Fig. 11, the axes are mutually at 
right angles. Let the position of an atom 
be denoted by ma, rta, pa, where at, 
rt, p arc whole numbers. Lot now a plane 
beam of X-rays with the direction cosines 
(a 0 , Po> Yo) be incident on the atoms. 
Lane supposed that as the plane wave 
falls on an atom, the electrons composing 
the atom are thrown into vibration 
by the. electric vector associated with the 
beam. In fact, the phenomenon is identical with that con¬ 
templated in Thomson scatter¬ 
ing. But as the atoms are regularly 
arranged, there is regular phase differ¬ 
ence amongst the waves scattered by 
the atoms of the lattice. For example, 
let O and A be two atoms and I be the 
incident beam. Let OA be the direction 
of the x-axis, and OP be the direction of 
the diffracted beam. Then the path-dif¬ 
ference between the rays diffracted from K lg . u 0 . Diffraction at a 

O and A can be seen from Fig. 11a to be P ,ftne 

a (a-a 0 ) 

where a 0 =cos AOI, a— cos AOP and «=OA, 
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In the general case, we have also to find out the path difference 
caused by the atoms placed along the y and z-axis. These are 

a (p - p 0 ), and a (y - Vo) respectively. 

It is clear that the diffracted beams will intensify each other if 
the following conditions arc satisfied :— 

ft {a~a 0 )=ltih "(P-Po) ft (y- YoHA.ifc. . . (17) 

where Aj, A*, h? t are three integers. 

Though we have used the t^rm ‘ diffracted beam / it is clear 
that we are dealing with interference of beams scattered by the 
atoms. The scattering is now coherent, whereas in the case of 
amorphous substances (where there is no order in the arrangement of 
atoms), the scattering would be lion-coherent. 

From equation (17), we obtain 

a a 0 r//| 

p- 0 *+A s . (18) 

Y-Yo+/'.•: — 

By squaring and adding these terms, and making use of the 
relation a 0 2 + Po 2 +Yo 2 — a s + P*H-Y*=l» we obtain, 

~r (hi 2 +// 2 1 +h- -)= - — (/^ao+Z/spo+A-'iYo) 


or 1= _o„(4i.«o±/i^Po+AsY_o) (1 q) 

01 * ~ a *+A, *+//,* • • • • U»l 

If we suppose that the direction of the incident beam lies 
along the z-axis, we have 

ao^Po^ff? Yo ” ” 1 • 

So that 

x=+2r '-VT777+*, 2 . ( " 0) 

The numbers hi, hh* denote the order of diffraction. 

We have further 


Aj_Ag__ hr, /ni \ 

a ‘ P Y+l. U) 

So if we allow a linear beam of X-rays to pass through a 
crystal and allow it to fall on a photographic plate, we expect to 
obtain on the plate spots corresponding to maxima given by (19) 
H\ 80 
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arranged in a symmetrical manner, depending upon the orientation 
of the crystal axis with respect to the direction of incidence. This 
experiment was first tried by Lane, Friedrich and Knipping and 
is described in the next section. 

It is clear from equation (19), that only one particular wave¬ 
length can be diffracted by a space grating when equation (19) 
is satisfied. The next wavelength to be diffracted must satisfy 
the equation (19) with different sets of values of [h u h 2 , hs). The 
intermediate wavelengths may not give rise to a diffraction maximum 
at all. Here lies the difference between a space grating and a 
plane grating. 

The intensity of the maxima is difficult to find out, and is 
beyond the scope of this work. It will suffice to mention, that as 
this is a case of Thomson scattering, the intensity formula given 
in §113 must hold good here. It is 

0 _ T Z 2 e i l+eos 2 0 

1 ’ i 5 4 


Here Z is the number of electrons contained in the scattering 
centres (atoms), (l+cos 2 0) is the polarisation factor or the 
Thomson factor . 

In the case of Lane phenomena, the intensity relation is not 
so simple, but the equation referred to above is to be multiplied by 
two factors, (1) structure factor P, (2) atom factor F. These 
two will be explained at the end of the chapter. The intensity 
relation can be written as 


8 c 4 
T m 2 c 4 


l + cos*fl 

2 


VP.'F. 


We shall return to this formula in a later section (§133, 134). 


117. Experimental Verification of Laue’s Theory. —The 

verification of Laue’s theory was undertaken by Laue, Friedrich 
and Knipping in 1912. The original apparatus used by them is 
illustrated in Fig. 12. For this purpose, a beam of X-rays from 
the tube T rendered parallel by a system of lead apertures Si, S 2 , S :J 
and reduced to a fine pencil by a narrow circular hole was allowed 
to traverse a crystal C, and then impinge on a photographic 
plate P. The first crystal tried was ZnS (zinc sulphide) and 
the results obtained were in good agreement with theory. A 
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photographic reproduction of Lane spots with XnS crystal is given in 
Fig. 13, (Plate I|f). In the figure S is an opening in the Lane camera 
at which a fluorescent screen is placed and the* crystal adjusted by 
sighting. 



In the original experiment, exposures of 20 to 60 hours were 
given. The source was an ordinary gas-tube with water cooled 
anticathodes. With modern technique, only a few minutes exposure 
is sufficient. 


118. Results of Laue Experiment. —Laue had kept the (100) 
face of the crystal perpendicular to the direction of the beam. 
Suppose Fig. 14 illustrates a Laue pattern for such a case. 

Here D is the photographic plate and C is 
the crystal of zinc sulphide. The beam 
of X-rays passes through two slits 8 7 and 
S'and falls on the crystal. Suppose for any 
Laue point, the direction cosines of tne 
line joining the spot to the point where the 
direct beam strikes the photographic 
plate (central spot) are a, (3, - y. 

Then according to Laue's theory 


■ ■ 
ii 


1 



Fit?. 14. Formation of L&ue's 
a pots.. 


«=/*!;, P-A.jp 1+y-As^ 


We have taken cos <p= — y 

If now the distance between the plate and the crystal be -x 9 and the 
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distance between the Lane spot and the central spot be /\ then 

r 


In Lane’s original experiment* ; cm. and a Lane spot was 


350 or <p-JL<> f 20' 


found at i 

1 distance of 1'2’> cm. from 

Therefore 

tail <p " 

P25 

3 5(> 

Hence 

cos cp 2 ^ 

-y ==■ 

or 

It » 

’0504 

a 


taking ft 3 

-1, we have X/n^ 

; '0ot>4 


Again it has been proved that 

X 2hn _ 

h^+h^+h^ 

So taking It 3 -1, we get 

X __ 2 

o" /ii*+A 9 8 +1 

For h i and h 2 we may substitute 3 and 5. 

Therefore, 0+4+1 “ |t' 0571 ■ • ’ 

The difference between the first and the second value of la can 
be ascribed to experimental error. ft is clear from the equation that 
the Lauc spots will be arranged in circles round the central spot. 
The first circle will correspond to /13 — l, and so on. 


r = a tanq>=%. 

vF-y 2 

-y 


VI - cos 2 <p 




For a fixed value of , we therefore have 

a 


r « constant 


* Laue, Friedrich and Knipping, Ann. d. l J hy$. 9 41, 971, 1913. 
For a better method of interpreting Laue’s experiment see §130. 





8119 | BRAGGS' THEORY OF REFLEXION OF X-RAYS 229 


Hence Lane spots corresponding to h-\ \/a lie on circles on the 
photographic plate. It has been found in eqn. (23) that XI a = ’0571. 
In order to find the wavelength X, we require the value of a. 

Let us suppose that in a volume one molecule is included. 
Then if A r is the number of atoms in a gram molecule, r/LVisthe 
volume of a gram molecule. If m be tin? molecular weight and /> the 
density of ZnS, then 

,r.\ or - s f ffoxlir x70fi 

So for ZnS a ~ 3*12 X10’ * cm. From equation (23) we therefore get 

X - 3*42X10" 8 xwn 

= T95X10" 8 cm. 

Lane's method gave us the first accurate value of the wavelength 
of X-rays. Tt is to bo noted here that in Lane's method diffraction 
is supposed to take* place from atoms placed at regular intervals 
along three axes of reference. But this way of looking at crystals 
does not help us in unravelling its structure completely. In Braggs' 
theory given in the next section the phenomenon is viewed from a 
different standpoint which proves to be more fruitful. 

119. Braggs’ Theory of Reflexion of X-rays. —It has been 
mentioned in the introduction that early attempts for observing the 
reflexion of X-rays gave no positive results. Immediately after 
Lane’s successful demonstration of the diffraction of X-ravs, Sir 
W. H. Bragg and \V r . L. Bragg* showed that X-rays can be regularly 
reflected from the cleavage plane of crystals. The experiment is 
described in the subsequent section, but hero wo give a brief sketch 
of the ideas which led the Braggs to the'r fruitful and fundamental 
discovery. 

We have seen in the previous section that a crystal may be 
supposed to owe their form to regular arrangement of constituent 
atoms in space according to a geometric pattern. Crystals further 
possess certain characteristic cleavage faces, i.e. y when they are 
struck or subjected to a mechanical stress, they split most easily 
across some definite planes called cleavage planes. Anybody who 
has haudled mica or calcitc is aware of this fact. The Braggs argued 

* W. H. Bragg and W. L. Bragg, Proe. Roy, Suc. y 88, 42K, 1913. 
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that the cleavage planes owe their characteristic property to the 
fact that the concentration of atoms is maximum along them, and 
hence they can be used for demonstrating the reflexion of 
X-rays. The explanation will be clear from the following diagram 
(Fig. 15). 

The Fig. 15 represents a cross-section of the Nad crystal cut 

perpendicular to an axis. 
Here the arrangement of 
atoms in the plane are re¬ 
presented by the circular 
dots placed at the corners 
of each little square. Now 
consider successively the 
planes passing through the 
lines OX, OA, OD, OC 
and OB, and perpendicu¬ 
lar to the plane of the 
paper. It is clear that the 
maximum concentration of 
atoms is along OX, and 
least along a line like 
OB, which is almost hap¬ 
hazardly drawn. Along OD, 
the number is one in a 
length of x /ij , along OA it 
is one in a length of s /2 . 
The planes p a s s i n g 


/ / 

?/ 

•'/ / 

'/ / 

n; / 
'// 


Fig. 15. The eleavi 


ige face of a crystal. 


through OX, or OA are cleavage planes. 

The Braggs supposed that the crystal may be* supposed to 
consist of plane parallel lattices OXX, (OX being normal to the 
paper) or OAX, which are separated by the distances a (for OAX), 
or a *J2 (for OAX). * They further assumed that when X-rays fall 
on the crystal they are most copiously reflected from OA, because 
this has the maximum concentration of atoms. J Moreover on account 
of the regular arrangement of planes, a regular phase difference 
exists between the rays reflected from successive planes as in 
the Fabry-Perot interferometer. This is illustrated in Fig. 16. 
For example, taking the two successive pp planes parallel to the 
cleavage plane OX of the previous figure, we find that the path 
difference between the rays reflected from these two planes is 2Jsin0, 












Mir. ti. Spectrum of Zeta Taiiri showing Balrner lines in absorption. 
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whore 0=*glancing angle, and d ^the distance between the two 
planes. 

If 2d sin0~/?X, .(2o) 

then rays of wavelength k will show a strong maximum in the reflected 
beam, fn other words, if we allow a monochromatic beam of 



Fiif. IB. UcftiM'tion of X-rays at crystal lattices (Bragg). 


X-rays to fall on the crystal face pp, and gradually vary the 
glancing angle, we shall find maximum intensity in the reflected 
beam at angles 0 given by the relation 


0 = sin 


rik 

2d 


If we give to // successively the values 1, 2, 3.//, 

we get maxima in the first, second, .... //th order of reflexion. 

It must be noted that in the above equation, 0 is the only 
quantity that can be measured, while //, h d are unknown. But 
d and n can be computed by other means which will be dealt with 
in the next section. Hence X can be calculated. 

Braggs' law is utilised in unravelling the crystal structure 


from Laue photographs, powder 
photographs, etc. In fact it is the 
fundamental equation of X-ray 
crystallography. 



We can determine the atom 


plane responsible for giving rise* F| s* The median 

to any maxima according to Braggs' principle of crystal reflection 

in the following way. 

LeJ a beam of X-rays PO (Fig. 17) be incident on a crystal 
at O and let Q, be the position of a diffraction maximum. The atomic 
plane which gave rise to the maximum can be found from the 
following construction, Bisect the angle QOP, and draw a 
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perpendicular to the bisector at O. Then this line AOB is the 
section of the atomic plane concerned in this case. This is known 
as the median, plane. The angle 6 can be calculated from the 
geometry of the figure. Hence the atomic plane can be completely 
determined. 

The above results obtained by Lane, and Bragg from kinemati- 
eal principles are based upon the following assumptions :— 

(1) The atoms in the grating (space or plane) scatter spherical 
waves which are coherent, because the phase difference is maintained 
due to their regular arrangement. 

(2) The absorption of the incident beam (primary extinction) 
is negligible (vide however §§142). 

(3) The interference between the rays scattered by the electrons 
in the atom is neglected. It is assumed that an atom contains a 
charge Z concentrated at one point (vide however §§ 133, 134, 155). 

(4) The lattice is taken to be ideal. This is however far from 
the truth. The lattices in practice are much distorted, so that 
the regularity of arrangement is not perfect. This gives rise to 
the secondary extinction, which means that the intensity of 
diffraction spectra is less than what it ought to be in the case of 
ideal lattice. 

Many workers including Debye,* Darwin,+ Ewald$ and Waller I; 
have developed a dynamical theory of X-ray diffraction which 
takes into account deviations from the ideal conditions as enumerated 
above, and many others, as for example, the heat motion of atoms and 
the dispersion inside the crystals. For an account of these original 
papers should be consulted. A discussion of these developments 
is also given by Ott in Handbveh deft' Experimental Physik, VII, 
Chaps. 2 and 3. 


Section II 

120. Classical Crystalline Theory 1 . —Long before the period 
when the study of exact sciences was taken up, the natural crystals had 
been the subject of much speculation. Early observers were puzzled by 


* P. Debye, Ann. d. Phys., 43, 49, 1914. 
t C. G. Darwin, Phil. Idag., 27, 314, 1914. 
t P. Ewald, Phys. Zs 22’, 29, 1925. 

|| I. Waller, Dissertation, Uppskla Umv., 1925. 
t For a good account of this subject the student may consult Tutton, 
Crystallography and Practical Crystal Mea#urementit§22); Hilton, Mathe¬ 
matical Orystatlography (1903). See also later references, 
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the regular arrangement of facets in crystals like quartz and calcite. The 
word crystal originates from the Greek equivalent of ice, for it was supposed 
in the middle ages, that the natural crystals are pieces of ice which have 
been petrified by extreme cold. 

As early as 1784, Haiiy published the results of a large number of 
measurements of crystals. In that, he showed that even though two crystals 
of the sume substance may have different 
appearance, the angles between corres¬ 
ponding faces are always the same. 

/ In order to study the geometrical pro¬ 
perties of crystals, it is necessary to reler 
it to three axes OX, OY, OZ inclined to 
each other at angles a, fi, y, placed any¬ 
where inside the crystal (Fig. 1R). 

general, the axes OA, OB, OC 
are chosen parallel to any three edges of 
a crystal, none of which are parallel to one 
another. Then the planes XOY, XOZ, 
and ZOY are parallel to some faces of the 
crystal. 

Let ABC be a fourth face cutting the axes at A, B, C, and let 
OA : OB : OC - a : b : c. 

The plane ABC is known as the parametric fare* If there be any 
other face A ; B' C ; of the crystal, making intercepts OA', OB', OC ; and if 

OA':OB':OC'= % : ' 

h k r 

then ( h , k , /) are known as Millenan indices of the face A' B' C' with respect 
to the particular parametric face chosen. The ratio a : b : c is known as 
the axial ratio . b is generally put equal to unity in reference books on 
crystallography and so the axial ratio is given as a : 1: c. The quantities 
( h , k, l) are inversely proportional to the intercepts which the face in ques¬ 
tion makes with the axes, and consequent^ they are directly proportional 
to direction ratiosf of the normals to the face. The Millerian indices (hkl) 
of any face are rational numbers and are generally small integers. The 
law of rational indices has been found to be true experimentally, and it 
was on this principle, and on the law of constancy of angles in different 


* Direction ratios become proportional to direction cosines if the axes 
are rectangular. 

f It may be questioned that the parametric face being any arbitrary 
plane, there will be no uniformity in die nomenclature of the Millerian 
indices. But in actual practice these indices are transferred with reference 
to standard axes of symmetry in the crystal which brings about uniformity 
in the nomenclature. For details of the axes of symmetry see §121, 

* * 
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crystals of a given substance, that the whole theory of crystal structure 
was based. 

It will be out of place here to describe the procedure by which the 
axial ratios a:b:e and the indices (h, k, I) of various faces are found. 
It will suffice to say that the angles between different faces are measured 
by. means of an instrument known as the goniometer * The calculation 
of the ratio (a : b : a) and of (h, k , /) becomes a problem in trigonometry. 

We can simply illustrate how the different planes in a crystal are 
referred to by their Millerian indices. 

In the figure (19), OX, OY and OZ are three rectangular axes. The 
plane ABO makes equal intercepts a—b~c on the three axes, and so its 
indices are (111). The plane 
BCEF is a (Oil) plane and simi¬ 
larly we can mark out (110), 

(101) and other planes. 

Again suppose any plane 
makes intercepts 2:3: 1 on the 
three axes. Its indices are then 
as \ : £: l, so that the plane is 
a (326) plane. 

121. Crystal Classes.— 

The most important character¬ 
istic of crystals is their perfect 
symmetry in the position of 
vertices, faces, edges, etc. Crystals 
have been classed according to 
the symmetry they exhibit. The elements of symmetry are the following :— 

(1) Axis of Symmetry.— When the crystal is such that it can be 
rotated about a line through an angle 2k/u, where n*=* 2,3,4 or 6, and in the 
new position the crystal remains identical, this line is called an axis of 
symmetry. The axis of symmetry is said to be two-fold, three-fold, four-fold 
or six-fold according as w=2, 3, 4 or 6. 

Thus in Fig. 21, the line b O, VO or b n 0 is an axis of four-fold 
symmetry, and each of the dotted lines aO, a f O , a n 0 or af n Q is an axis 
of three-fold symmetry. 

(2) Plane of Symmetry.—A crystal is said to have a plane of sym¬ 
metry if every point upon one side of the plane has a corresponding point 
on the opposite side of it in a mirror image relation. Thus in Fig. 24, the 
plane XOY is a plane of symmetry. Other planes of symmetry can be 
seen in Fig. 21. They will be explained later. 



Fig. n>. 


• R>r an account of this instrument see Au ||il itttton, Oryetolh- 
gratpky and Practical Crystal Measurement Voi £ 
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(3) Centre of Symmetry -A point within o crystal is a centre of sym¬ 
metry, if a line drawn to it from any point on its surface and extended beyond 
by an equal distance, encounter*? another point exactly similar to the second. 

In the beginning of this section, the crystal has been referred to a 
system of co-ordinate axes parallel to thiee edges of faces of the crystal. 
In the case of some crystals, there are three axes of symmetry perpendi- 
culm to each other ; and so it is advantageous to take the crystallographic 
axes of symmetry as the axe*? ot reference. Such 'nystiK can be divided 
into three classes * (1) Orthorhombic, (2) Tetragonal, (3) Cubic. 

In all these three varieties the axe- of reference are at right angles to 
each other, but the axial latios are different Thus, for 

Orthorhombic , . . a . h • r . all intercepts are unequal 

Tetragonal . . . a: a < . two intercepts are equal 

Cubic. a : u: a . .all intercepts are equal. 

It the axes arc not at light angle**, we get two moie classes: 
(4) Monoclinic, (5) Hexagonal. 

In the inonoclinie crystals, a =90°, y= 90°, but (3 may have any value, 
and n, b , c are all unequal . In hexagonal ciystals, a=90°, (3=60°, y-9<V 
but the axial ratios are a : c : a . 

Next there are two more classes These are: (6) Rhombohedral, 
and (7) Triclinic. 

In the rhombohedral class a = (3 = Y : 4 : 90 o and a—b*=c. The triclinic 
type is the most general type, tor here we have axes inclined to each 
other in any possible angle and the axial lengths are all unequal 


Table 2. 

Crystal 

Axial angles | 

Char acteii stic ratios 

Cubic 

a=90°, (5=90°, v=90° 

a : a : a 

Tetragonal . . 

a=90°, (5=90°, y=90° . 

a : a : c 

Orthorhombic 

a =90°, P=90°, Y“90 o •• 

a : b : c 

Monoclinic 

a-90°»p, y*=>90° 

a : b : c 

Hexagonal 

a=90°, P-60°, V s *90° ••• 

a : c : a 

Rhombohedral ... 

a=p=Y#^ ... 

a : a : 

Triclinic ... 

j--- 

... 

a : b ; e \ ^ 


* A good account of subject has been given in The Structure of 

I. See also Bandhuch <frr mpmimntol 
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The characteristic angles and ratios of different- varieties of crystals are 
collected in table 2 for ready reference. 

122. The Point Group.— All crystals can be placed in one of 
these seven classes. But these have been still subdivided into 32 classes, 
according to the elements of symmetry possessed by them. Each of 
these is called a point group . The elements of symmetry are, as has been 
already mentioned, one or more axes of polyfold symmetry combined with 
planes of symmetry and centres of symmetry. The point groups are thus 
classes of crystal symmetry. The different combinations of these symmetries 
have given rise to these point groups, and it can be proved analytically 
that they can be only 32 in number. 

In the triclinic system where the axial ratios and angles are all 
unequal the symmetry is least, and so there are only two point groups 
associated with it. One of these is known as asymmetric , for there is no 
symmetry in it. In the other there is only a centre of symmetry, meaning 
thereby that in a triclinic crystal there can be two faces having the 
indices ft, Jc , l and —ft,-ft, — /. The latter is often written as \ \ L 

As there is no other symmetry in a triclinic crystal, there cannot be 
two faces having the indices ft, ft, / and ft, ft, l. From a study of these 
indices the point group to which the crystal belongs can be found. 
The largest number of point groups (symmetry characteristics) occurs in 
the tetragonal and cubic crystals; because in these crystals there can be 
simultaneously pianos of symmetry, centre of symmetry as well as 
rotational symmetry. Two such simple varieties of cubic crystals are 
shown in Figs. 20 and 21, The tetrahedron AA'A^A'" belongs to 
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gravity 0. In this case, there are three two-fold axes u, v, w, and four 
three-fold axes AO, A'O, A"0 and A'"0. 

Fig. 21 also shows a cubic crystal having a different grouping of 
symmetry. There are three four-fold axes b , b f , b n , four three-fold axes 
a, a', a", a"', also six two-fold axes (not shown) joining the middle points 
of parallel sides of the figure. 

It is very important to find out the point-group (or one of the classes 
of symmetry) to which the crystal belongs. This can be done with the 
aid of the goniometer as has been said already; unfortunately X-ray 
methods do not give complete information on this question (see §130). 


123. The Bravais Lattice.- We were discussing so long the 
outward appearance of crystals. But apart from the external appearance 
the crystalline nature is inherent in the substance. Any battered grain 
of sand is crystalline, while the most perfect model of crystal made of 
glass is not crystalline. It, is a matter of common experience that when a 
rhombohedral crystal like calcite is struck gently with a hammer, it breaks 
up into smaller rhombohedrons. It was quite natural to suppose that 
calcite is made up of extremely small rhombohedral units of atomic 


dimensions. If these rhombohedral 
units are placed side by side, we get a 
complete crystal. The development 
in this direction is due to Bravais 
(18r>0). When these elementary 
units of crystalline structure known 
as unit cells are placed side by side, so 
that the structure extends conti¬ 
nuously, we get a Bravais lattice. 
Such a lattice is shown in Fig. 22. 
In this the links are drawn pa¬ 
rallel to the three axes of reference 
x, y, z. The intervals at which the 
parallel lines are drawn are in the 
ratio a: b : c, the axial ratios of 
the crystal found by goniometric 
measurements. The lattice belongs 
to the triclinic type 
cu4=P=^y=|= 90 o ), and consists of alarge 
number of unit cells OADFECG 
(drawn in thick line) placed 
side by side. Jf we take 
and a we get a rhom- 



Fig. 22. The Bravais lattice. 


bohedral lattice to which the crystal of calcite belongs* If it can be 
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Fig. 28. The fourteen Brandt lattices. 


I. Trialloic. II. Simple monoclinic. III. Bate-centred monoclinlc. JV, Simple orthorhombic. 
V. Base-centred orthorhombic, yjf. Body-centred orthorhombic. VII. >f&e-centrtd orthorhombic 
VUI. Soiafnnat. IX. BhombohedraL, X. Simple tetragonal* .XI* Body-fi$&tred tetragonal. 
XII. Simple cubic. XIII. Body-centred |i$ic. XIV. Face-centred cubic. 
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determined how many molecules of CaC0 3 are accommodated in one 
unit cell, we can find out the arrangement of Ca and C0 3 in it. 
We utilise the theory of point-groups (or classes of symmetry) 
for this purpose. We suppose that the atoms are arranged at the 
corners of the lattice , and must follow the symmetry valid for this class 
of crystal. The corners of the Bravais lattice thus become the centres 
of point-groups, and the elements of symmetry which were facets and 
edges when the complete crystal was studied, now become the molecules 
themselves. It can also be shown analytically that in general the molecules 
must arrange themselves with the same symmetry which is exhibited by the 
crystal as a whole. 

We have seen that crystals can be divided into seven classes depend¬ 
ing upon their axial ratios and angles. So there must be corresponding 
seven classes of elementary unit ‘bricks* or lattices. But Bravais showed that 
the total varieties of lattices possible should be 14 instead of seven. 
The student can easily verify this fact from Fig. 23. For example, take 
the orthorhombic system (IV to VII). If at the centre of the simple 
orthorhombic (IV) we imagine a new atom to be situated as in (VI), we get 
a body-centred orthorhombic, which represents a new lattice of this system. 
Let us imagine a structure consisting of eight such contiguous body- 
centred orthorhombic lattices. If we join the eight central atoms, we see that 
we obtain another body-centred orthorhombic lattice. Thus we cannot 
build simple lattices out of body-centred lattices, and vice versa. Hence 
the latter is a fundamental kind of lattice by itself. Similarly we have 
two more kinds, the base-centred and face-centred orthorhombic lattices. 
But if we try the same procedure for the triclinic system, we find that this 
gives only one kind of lattice. For the figure formed by joining the eight 
central atoms is in this case another simple triclinic lattice. In the same 
way the cubic system gives three different varieties: 

(i) The simple lattice, 

(ii) Body-centred lattice, 

(iii) Face-centred lattice. 

In a simple cubic lattice, the molecules are situated at the corners of the 
cube; in a body-centred lattice they are placed at the corners as well 
as at the centre of the cube; in the case of face-centred lattice they are 
situated at the corners as well as in the centres of faces of the cube. These 
three cases can be seen in Fig. 23, XII, XIII, XIV. All the fourteen lattices 
are shown in Fig. 23 (I to XIV). 

Seven of them are of the simple kind, while the other seven are 
examples of inter-penetrating lathees . The body-centred cubic lattice is 
clearly seen to be the resultant of two lattices, the origin of one being 
(0, 0 , 0), while that of the otto* af'i t a/2, a/2. ; ■ 
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124. Space-groups. —We have seen that Bravais postulated four- 
teen-space lattices in which the vertices of the unit cells are supposed to be 
occupied by point-groups. The position of one atom with respect to a point- 
group to which it is attached must be the same in every part of the crystal. 
In order to achieve this, the 32 kinds of point-groups are associated with 
the 14 lattices, and the resultant arrangement of symmetry characteristics 
which will be combined in all directions are known as space-groups. 

For example, consider the structure of a calcite crystal.* The unit cell 
of calcite must have a place for the Ca atom as well as for the C0 3 radicle. 
The C0 3 radicle consists of a carbon atom surrounded by three oxygen 
atoms. We can assign the calcium atom to one of the corners of 
the lattice, and the carbon atom to the next corner. The oxygen atoms must 
be arranged in a pattern (or point group) which is consistent with the 
rhombohedral characteristics to which class calcite belongs. But it has 
been found that there are a large number of ways in which these 
point-groups can be arranged at the corners of lattices satisfying these 
conditions, and each of these ways is known as a space-group. Their 
l total number is 230 and they 

yS were studied by Sohncke 
and Schocnfliess at the end 
yr of the last century. It will 

y^ he out of place to discuss 

yS here the nature of the space 

/[o ~groups, but one single case 
J y' j "X may be illustrated with 

pi 1 " diagram. In Fig. 24, x, y, z 

Js { are the axes of reference in 

x J a monoclinic crystal having 

XOY as the plane of sym- 

Ftg. 24. A. point-group of the monoclinic crystal. metfy imd QZ the tWO-fold 

axis of rotation. To a point P there is a corresponding point at Pj j, because 
XOY is a plane of symmetry, and another point at P|, because OZ is a two¬ 
fold axis of rotational symmetry. This point-group is fitted in the Bravais 
monoclinic lattice in Fig. 25. In this lattice O is the origin and X, Y, Z 
are the axes, OADEFCG is the unit cell. The centre of the point-group 
in Fig. 24 is placed at O, A ], A 2 ,. .. etc., Bj, B 2 ,... etc., Cj, C 2 ,... etc., 
(Fig. 25) extending in all directions, and form the special space group. It 
will be seen that in the space group illustrated above (Fig. 25), there are four 
atoms* within the unit cell. This is one of the characteristics of a 


; * Some atoms apparently in the unit cell do not really come within 
this Sfell, as they are situated below or above the bounding planes. They 
easily distinguished by comparison with Fig, 24 in which Pi 1 and 
Pjtlit lfe below the XOY plane, and P and Pj above it* 
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monoclinic crystal. So whenever we find a crystal belonging to monoclinic 
system with the symmetry shown in Fig. 24 and having four atoms in its 
unit cell, we may at once conclude that the arrangement of the atoms 
(space group) in the crystal is most probably as shown in Fig. 25. The 
co-ordinates of any atom P in the point-group are known as its parameters. 



Fig: 25. A space-grroup of the monoclinic crystal. 

In order to know the structure completely it is necessary to find out to 
which of the space groups a crystal belongs, and to determine the para¬ 
meters of the atoms in the space group. The former can be done by finding 

(i) The dimensions of the unit cell, 

(ii) The number of atoms in the unit cell, and 
(lii) The symmetry characteristics (point groups). 

There are four methods for determining the above factors. These are 

(1) Bragg method, 

(2) Powder method (Debye-Scherrer and Hull), 

(3) Laue method, 

(4) Rotating crystal method (Schiebold). 

We shall briefly consider these methods one by one. The parameters 
also can be found from the above four methods. If all the four 
atoms in the above unit cell (Fig. 25) be alike, the parameters of P alone 
in Fig. 24 are sufficient; if the atoms are different, the parameters of 
(Pi, Pji, Phi) have also to be determined. 

125* Investigation of Crystal Structure by Braggs’ 
Method*.— It is clear from the foregoing treatments (§§116,119) that 

* For a full review of this subject see W. H. Bragg and W. L. Bragg. 
X-rays and Crystal Structure, Chap* IU«($24). 

F. >1 : 
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both in Lane's method and the Bragg method, we have to deal with 
interference of X-rays scattered by the electrons composing the consti¬ 
tuent atoms of a crystal; in Lane's method we examine the transmitted 
beam, in Bragg’s method, we examine the beam scattered on the side 
of incidence. The cleavage face of the crystals behaves like a mirror 
in this case, and the rays which are most copiously reflected are those 
satisfying the Bragg relation 

n'K — 2 (l sin 0 

If the crystal be cut along any other face possessing the Millerian 
indices (//, k, I ) Bragg's law takes the form 

nl 2d hkl sin 6> 

where d hkl is the least distance between two parallel consecutive 

planes having the indices (//, /,*, /), and 0'=the new glancing angle. 

Bragg's method of studying the crystal structure consists in 
finding out d hkl , the grating space or the least distance between two 

consecutive atomic planes having the indices (h, k y /). From a know¬ 
ledge of d hkV and also from the relative intensities of reflection for 

different values of n (order of reflexion), the crystal structure can 
be deduced. For illustrating the method we take the * simple 
case of cubic crystals like Roeksalt (NaCl), and Sylvine (KOI). 
Bragg's apparatus for studying the crystal structure is shown on the 
next page (Fig. 26). The arrangement is generally known as Braggs' 
X-ray Spectrometer. 

A strong beam of X-rays from the anticathode A of an X-ray 
tube is allowed to pass tlirough two slits S and L, and is then 
incident on the crystal C which is fixed on a table having a vernier 
attached to it, that can be rotated on a concentric graduated circle. 
Thus the table can be rotated about an axis through its centre; but 
the graduated circle is fixed to the base of the spectrometer. The 
angle through which the crystal (with its table) is rotated can thus 
be read accurately* by means of the vernier. I is an arm which can 
rotate about the common axis of the table and the circle, though 
independently of the former. There is another vernier attached to 
this arm, so that the rotation of the latter can also be read on the 
graduated table. The ionisation chamber is placed on the arm L 
When the glancing angle 6 satisfies the Bragg's equation 

rik =** 2d sin 0, 
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the X-rays arc reflected by the crystal, in a direction making an 
angle 20 with the original direction of the X-rays. Hence if the 
ionisation chamber is 
placed in that direc¬ 
tion, the electrometer 
will show a strong 
ionisation current. 

For best results, the 
proper alignment of 
the focus of the 
anticathodc, the slits 
and the axis of rota¬ 
tion of the table T 
is very necessary. 

The crystal C is 
placed such that the 
axis of rotation of 
the table lies on its 
surface. In order 
to prevent stray 
radiations from en¬ 
tering the ionisation 
chamber, a slit D is 
provided in front of 
it. The ionisation 

chamber is filled Fig. Braggs’ X-ray Spectrometer. 

with methyl chloride 

vapour. The X-rays enter the chamber through a window covered 
with thin aluminium foil. * The crystal is at first placed on the 
table so that the (100) plane is on the axis of rotation. The 
crystal is rotated gradually while the arm carrying the ionisation 
chamber is rotated through double the angle. The ionisation 
current observed is plotted against 20. The peaks show those 
glancing angles which satisfy the Bragg equation for the wave¬ 
length of characteristic rays of the target used. The (100) plane 
is then replaced by the (110) and (111) planes, and a similar 
procedure, as described above, is gone through. The diagram (27) 
shows the actual curves obtained* The anticathode used was palla¬ 
dium and the voltage and current in the X-ray tube was so maintained 
that K a radiation was available. 
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We find that the (100) face of KCl, shows peaks at the angles 

10°4t/, 21*38', 32°40'. Now remembering that these are the 20- 
values, the ratio between the corresponding sin 0-values is obtained as 

sin 5*23': sin 10*49': sin 16*20'—1: 2 : 3 


Syfvini 

k n 








(100) 

a. 







nio» 



l 





Mill 








Rock salt 

NaCl 








(1001 

1 

ul 





■ 

(Jl0» 


_r 






(III) 

- — 



A_ 

i ...j.-.gy 




0' 5‘ 10' 15' 20' 25* 50' 55' 4< 

Fig. 27. Reflection of X-rays at various crystal-planes (KCl, KaCl). 


We are sure that they are the first, second, and third order 
reflections from the (100) face. For other faces we get three 
reflections and the same relation holds. When the first order 
reflections from the three faces (100), (110) and (111) of KCl are 
compared, the ratio between the grating constants dt 0 o> duo and dm 
are obtained. Thus for the KCl crystal 


dioo • duo : diu™ 

1 1 


1 

sin 5 i 23 r 


1 

sin fW ' 

-1: vf< y|T 


UToW 




^ioo ^lio dm 0 

Similarly for the NaCl crystal we obtain a weak first order 


or 
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reflection, from the (111) face at about half the corresponding angle 
for KC1. Considering this we obtain for NaCl 

rfioo = duo: din =1:-^ : --^l- 

But if we leave this weak reflexion out of our consideration, the 
ratio for NaCl becomes identical with that for KCL 

i L ‘ 

126. Interpretation of Results.—While explaining Bravais 
lattices, it was said that the lattices having cubic symmetry were 
three in number, the simple, face-centred and body-centred. KC1 
is known to have cubic symmetry, and so must belong to one of 
the three lattices. It is to be found which of the three types gives the 
ratio of di oo ■ di 10 : dm as obtained from the experiment. Let 
us consider crystals of the three lattices one by one. 



In Fig. 28, 

(«) is a unit cell OBFAECDG of simple cubic lattice, 

(b) consists of eight such cells of a face-centred cubic lattice, 

(c) consists of eight such cells of a body-centred cubic lattice. 
Let a be the side of the unit cell, O be the origin and 

OX, OY, OZ be the system of cubic axes in all the three cases. 
Now according to the definitions of the Millerian indices the faces 
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parallel to OBDC will be the (100) faces, those parallel to BDEA 
the (110) faces, and those parallel to ABC the (111) faces. 

The equation of any plane (hkl) referred to cubic axes is 

hx+ky+lx = a 

The distance of the plane from the origin is given'by 


d 


a 

(h 2 +k 2 +l 2 )> 


according to the theorems of analytic geometry of three dimensions. 

Hence in the case of the simple lattice (a) for the first (100) plane 
d=a, and for the next d=2a. Therefore dio.Qj the distance apart 
between two consecutive (100) planes is 


Similarly, 


Therefore 


d ioo = « 


2 a 

a 

a 


V2 

\ f 2 

2 a 

a 

a 

V:T 

vr 



I .. X . __1 — 1 : n/ 2: s/3 . . . (26) 

”i o o "no "m 


This ratio was obtained for KC1 experimentally, and conse¬ 
quently the lattice of KC1 must be of the simple mine type. 

For reference, it will be necessary to find similar relations 
between grating constants for the other two lattices. From the 
figures it is clear that for a face-centred cube the rfioo and duo 
will remain the same as those for the case of a simple cube. 

For the first (111) plane the equation is 


x+y+z = a, 

but as no atom is situated on this plane, we shall have to take the 
next (111) plane 

x+y+% = 2 a 

Similarly the next (111) plane containing any atoms is 


Therefore 


Therefore 

■' \ 


x+y+x = 4 a 
dm - ^ 


-1. ._L . 

dioo di | o di ii 2 
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for the face-centred cube. For a body-centred cube, rfjoo is the same 
as before, but d\ 10 and d\ i x are different. But the equation of the 
first (110) plane is 

x+y — 2a 

for, no atom exists at a distance a, 3or, etc., from the origin. 

Hence d t i 0 - ;J — a. 

Again for dm plane the equation is 

x+y+x -2a 

The next parallel (111) plane passes through the atom G at the 
centre of the cube. Its equation is 

#+?/+£ s» k = a+a+a = 3ft 
Therefore <h 1 1 = 


For, we have to t^Lc the distance between two consecutive parallel 


planes having the 
Therefore 




e indices (111). 

. JL . J 

d no d i 


-1 


i i 


J 

a/2 


a/3 

l 


. (28) 


^10 0 

for a body-centred lattice. 

1 Thus we have calculated the lattice constant d for the three 
faces (100), (110) and (111) of the three types of cubic lattices. We 
collect these values in the following table for ready reference. 


Table II. 


Cube 

J <h 00 

^110 

dm 



j a 

a 

Simple 

a 

; a/? 

a /;1 

Face-centred ... 


a 

2ft 

a 

w 

a/3 

Body-centred... 

a 

i 

j 

aV2 

a 

a/3 


For sodium chloride as depicted in the diagram of experimental 
' curves (Fig. 27), 

__L . _J_ L —,! • v'r • — 

dioo ’ duo ’ dm * 2’ 
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and so it is concluded that the sodium chloride lattice is face-centred . 
It has been found that out of the alkali halides, only KC1 belongs to 
the simple cubic type, while others belong to either face-centred or 
body-centred lattice. 1 

This dissimilarity between the structure of NaCl and KC1 was 
explained by Bragg in this way. Bragg argues that in the case of 
KC1, the reflections from the (111) face showed a peculiarity, in that, 
we may suppose that the odd order of reflections were absent, so 
that the second order spectrum was taken for the first. If that cor¬ 
rection is made, we shall have to double the grating constant of (111) 
planes. We shall get then 

1 i i vg; 

^ioo ( h i o dm 2 

So the structure of KC1 also comes out to be that of the face-centred 
type, as depicted in Fig. 10. 

Here the white circles are say, chlorine atoms, while the black 
ones represent potassium or sodium atoms. The sodium-chloride 
and potassium-chloride crystals thus come out to possess a similar 
structure. But it has still to be explained why odd order reflections 
vanish in the case of (111) face of KC1, and not in the case of NaCl. 
In the case of KC1, the potassium and chlorine atoms having atomic 
numbers 19 and 17 respectively contain almost equal number 
of electrons. The scattering power of an atom depends upon the 
number of electrons composing it. In the figure, the white circles 
alone form a face-centred lattice, and so do the black circles. /If the 
scattering power of black and white circles are thus the same, the 
structure reduces almost to the case of a simple cubic lattice as was 
first found in the case of KC1. Now the (100) and (110) planes 
contain atoms of both the kind. But the (111) plane contains white 
circles or black circles alternately. The grating constant dm for 
the white circles will be the distance between the first plane con¬ 
taining white circles and the next plane containing similar circles. 
But midway between them there is another plane containing black 
circles. The wave reflected from this plane will destroy the first 
order reflections from the planes containing white circles. It will 
strengthen all even order reflections, but will cut out Odd order 
reflections. In the case of KC1 the scattering powers of potassium 
and chlorine are almost equal, and so the odd order reflection is 
totally suppressed and the crystal behaves as a simple cube. In the 
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case of sodium chloride, the atoms Na (11) and chlorine (17) have 
different scattering powers, so the suppression of odd order spectra 
is not complete. But still we find in Fig. 27 the first order reflection 
from (111) face for NaCl is much weaker compared to the second order 
reflection. The structure of NaCl and KC1 crystals is thus completely 
explained in the light of experimental results if we assume that in 
both of them the Na or K, and the Cl atoms are situated alternately 
at the lattice points of a face-centred cube. 


127. The Dimensions of the Unit Cell. —We have to find 
now how many molecules of NaCl arc associated with a unit cell. 
Consider a unit cell in the structure of NaCl shown in Fig. 10. 
Four corners of thiswinit cell are occupied by four Na-atoms, and 
the four alternate cfWhers by four C 1-atoms. But each of these eight 
atoms is being shared by eight such contiguous unit cells from all sides. 
So on the average one molecule of NaCl is associated with two unit 
cells. The volume of two unit cells is evidently equal to 2 (^ioo) 3 * So 
the unit volume of the crystal contains l/2(f/i 0 o) 3 molecules of NaCl. 

If M is the molecular weight of the crystal and m the mass of 
a hydrogen atom, the weight of a molecule is Mm. Hence we get 


Mm 

2 (</iooP 

where p is the density of the crystal. For sodium chloride 


M— 58, m = 1*062 X10 “ 24 gms., p — 2T7 


Therefore 


(^ioo ) 3 


Mm 58 XT662X10_^ 
2p 2X217 


22-21X10- 24 


Hence d\ 0 o =* 2*81 X10 s cm. 

Hence the grating space of sodium chloride is 2*81X10” 8 cm. 
In order to find the wavelength of palladium K o -rays, we see 

from Fig. 27, that the first order reflection occurs at' 6* O'. From 
Bragg's law 


X ~ 2X2*81 X10“ 8 . sin 6° 
-•587X10" 8 cm. 


Hence the wavelength of K a rays of Pd is *587X10“ 8 cm. or 
0*587 A.U. 
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128. Powder Spectroscopy.* * * § — It "as discovered by Debye and 
Scherrerf in Germany and Hullt in America about the year 1916 that a 
diffraction pattern is obtained when a thin film of powdered crystal is 
substituted for the single crystal in the Bragg or Lane methods. If the 
individual crystals of this powder are haphazardly oriented so that they make 
all possible angles with the incident X-rays, all orders of reflection from 
all possible atomic planes can be recorded at the same time. There are 
very few substances which grow single large crystals, and so Bragg's 
method can be applied only to a limited number of substances; in other 
cases the powder method is suitable. 

The arrangement of apparatus in powder spectroscopy is shown in 

Fig. 29. A fine beam of 
monochromatic X-rays is 
allowed to fall on a paper 
capsule* P containing the 
finely powdered crystal. 
Any minute crystal may 
be oriented at such an 
angle with respect to the 
incident beam that the 
Bragg relation is satisfied 
for an atomic plane (k k I) 
in it. Thus we have 



nl = 2d (hk ,) sin 


(29) 


where dhu is the grating constant for a plane (h k i) and 6„ the glancing 
angle. As 0 n is the angle between the incident X-rays and some atomic 
plane, the angle between the reflected ray and the direction of the 
incident ray will be 2 0 n (see §119). There will be other crystals in the 
powder in which the atomic plane (h k I) is inclined ' at an angle Q n but 
with different azimuth. It is thus obvious that all the reflected rays 
from the atomic plane (h k I) will lie on a cone with its apex at P and 
semivertical angle 2 Q n . If a photographic plate be kept perpendicular to 
the direction of the incident beam, a series of circles will be recorded 
on it. Plate IV, Fig. 30, shows a Debye-Scherrer photograph of a crystal 
of wurtzite ZnS, taken with CuK-rays§. In order to record reflections with 
large values of $ n a photographic film bent in the form of a circle with P as 
centre is substituted for the plate. Fig. 31 on the Plate TV shows a 


* For a detailed account see Wyckoff, The Structure of Crystals (1924). 

t P* Debye and P. Scherrer, Phys. Zeits., 18, 291, 19)7. 

t A. W. Hull, Phys. Rev., 10, 661, 1917. 

§ CuK radiation consists of K a and Kg. The latter can be almost 
completely removed by putting a filter of Ni. For filtering actions vide 
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powder film photograph (due to Hull) of OSi (carborundum) taken with 
CuK a rays. The central black-spot is due to the direct beam* * * § . The lines are 

the intersection of cones with cylinder which forms the film in this case. 

The lines which are straight in the plate have 2Q n - 00", and the 
lines beyond it curve on the other side. It is obvious from the equation 
that no reflection is possible from planes for which d h u /n < h/2. 

As the reflections are taking place only from a few particles, the energy 
required to get a good powder photograph is greater than that in any X-ray 
diffraction phenomena; and so large exposures widi greater current density 
in the X-ray tube is needed. If the crystal is not finely ground (to 2f>0 
meshes), it becomes necessary to rotate the powder when the photograph is 
being taken, otherwise the lines will be discontinuous and dotted. If on 
the other hand the powder is very finely ground then the diffraction lines 
will be broad and diffuse. Scherrerh gave an expression connecting the 
width of the lines and average size of particles. This is 




1 

COS 0/0 


+/J 


where // the deserved width of lines, 
I) = thickness of the crystal, 

(' = the constant of apparatus. 


As D becomes small, //tends to become large, showing thereby that 
the crystal powder is nearing amorphous conditions. Thin sheets of 
metal are conglomerations of large number of crystals, and so behave like 
powders. It has been found that metal foils which have been made by 
beating give sharp circular patterns. On the other band foils made by 
rolling processes do not give complete circles; the circles are discontinuous 
and marked by regularly placed patches 011 it. It shows that in this process 
the crystals tend to adjust themselves in one particular orientation. A large 
number of data have been obtained in this connection in recent years, and 
have thrown much light on the inner structure of metals and other useful 
substances. In many ways these researches have also helped industryt« 

The method of X-ray photography has been applied for analysing 
the structure of wool, human hair, fibres, rubber, celluloid, and many 
other organic substances. It was formerly supposed that these substances 
had no crystalline structure. But Astburyg and others found that the 
fibrous substances mentioned above possess a pseudo-crystalline *tiucture 
which changes when they are stretched or subjected to other mechanical 


* The central beam produces halation, so it is shielded by means of a 
lead disc. The plate is a posi:ive and so the central spot is black, 

t P. Scherrer Phys. Zeits , 19, 474, 1918. 

X Bee Glocker’s Matenalprufung mil Rontgemtrahlen . 

§ Astbury, Phil. Trans. Roy. Soo . A, 230, 75, 1932. 
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treatments. These substances give diffuse rings interspersed with spots. 
From this it is concluded that the crystalline particles forming these 
matters are not oriented in all directions. In fact Astbury came to the 
conclusion that the molecules of these substances exists in long chains, 
the length of which is many times greater than the breadth, and lie along 
the length of the fibre. Similarly unstretched rubber has been found to be 
non crystalline, but when stretched, it exhibits a crystalline structure. 


129. Calculation of Spacing from Powder Photographs.— 

We will take the case of cubic crystal of MgO which has been analysed 
by WyckofT. It has been shown in § 126 that the grating space of a plane 
(///»*/) for a simple cubic crystal is given by the equation 


where a is the dimension of the unit cell, or in other words the grating 
space of (10O) plane. Rearranging the equation we have 


4a 2 si n 2# 

-y 2 


(A 2 + / C2 + / 2); Z 2 


m 


The expression on the right-hand side is always an integer, so the 
sine-squares for different lines are proportional to integers. Since 6 for 
different lines in a powder photograph are directly known, this conclu¬ 
sion can be verified. In the case of MgO it was found that for the first 
five lines in the powder photograph, the sine-squares are in the ratio 
3:4:8: 11 : 12. In the table below the various possible values of (hid) 
and the corresponding values of (h 2 + k 2 + l 2 )n 2 are given. 

We find that (h 2 +k 2 + l 2 )n 2 of 
those planes marked with stars arc in 
the ratio 3:4:8:11: 12, and so 
the first five lines in the case MgO 
observed may be due to the reflection 
from these planes. In this way the 
indices of the planes which are effective 
in reflection are calculated. Again X is 
known. Hence a can be calculated 
from the relation (31). The eqn. (30) 
then readily gives the spacing In 
the case of crystals of lesser symmetry 
(tetragonal, orthorhombic, etc.) the value 
of (& 2 -f- k 2 + l 2 )n 2 is not an integer, and so it is not easy to determine 
for them the planes of reflection, for they involve the axial ratios and 
angles which are different for different crystals. The spacings for face- 
cen tred and body-centred cu hie 1 h ttices are computed in the way shown in § 126. 


Table L 


{h k 0 

1 

n 

(/«2 + /c2 + i2)« 2 

100 

1 

1 

110 

1 

2 

*111 

1 

3 

*100 

\> 

4 

120 

1 

5 

*110 

2 

8 

100 

3 

9 

*113 

1 

11 

*111 

2 

12 
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The only disadvantage in this method is that one diffraction line can 
be ascribed to a large number of planes, for example, there are 48 planes 
having the same (A 2 -f lc 2 + / 2 )-value with different combinations (positive 
and negative values, and interchange of A, k , /, , . .) of the indices. So 
the determination of indices is not unique. 


130. Laue Method .—In the beginning of this section we inter¬ 
preted Laue photographs by considering the scattering of X-rays from 
atoms placed at the lattice points. But there is a still better method of 
interpreting them, if we imagine that the crystal !s made up of a series of 
planes passing through the atoms parallel to any face {hid ); any Laue-spot 
can be regarded as due to reflection of X-rays from these planes as in the 
Bragg or powder methods, in accordance with the equation 

A = 2<l /iU sin 0 n , 


where 


u * 

*V+&*+7* 


for simple cubic crystals, a being the side of the unit cell. 

In Fig. ;>2, the X-rays fall on the crystal (not shown) at (), K is any 
atomic plane in the crystal* AYe 
suppose that the X-rays art* re¬ 
flected by the plane and give rise 
to a Laue spot at R, and O' is the 
image of the central spot. The 
method is however not identical 
with the Bragg method, as in this 
the continuous part of the rays are 
effective, instead of the character¬ 
istic part as in the Bragg or powder 
methods. So in obtaining Laue 
photographs the target must be so 
chosen that it gives intense continuous radiation and the voltage must be 
considerably liigh.f The reason is obvious; for the characteristic radiation 
may not find any atomic plane oriented at an angle satisfying the expiation 
above. In Bragg’s method and powder method, suitable glancing angles 
of reflection for a characteristic ray is obtained by rotating the cry still or 
powdering it, respectively. But there is no such provision in the Laue 
method, and so a continuous radiation is used. 



131. Symmetry in Laue-Diagrams. —Since the inclination of 
possible atomic planes is governed solely by symmetry, the distribution of 

* The figure is rather exaggerated. 

f For best results, the use of a tungsten target with 50 to 60 KV 
pressure is suggested. 
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Laue-spots will also depend on the symmetry of the crystal and its 
orientation with respect to the X-ray beam. As diffraction effects have 
been shown to be equivalent to internal reflections from atomic planes 
parallel to the (//, k, I) plane, there can be no difference between the 
results obtained from planes (///,•/) and (h h /).* Consequently every Lane 
photograph will have a centre of symmetry. And it can be shown that 
the 32 classes of crystal symmetry reduce to only 11 classes when their 
symmetry with respect to the X-ray effect is considered.f This has 
already been remarked before. 

In Plate TV, Fig. 13, we have illustrated the Lane’s spots for ZnS. 
Here the X-ray beam was kept perpendicular to the (100) face of a cubic 
crystal of ZnS, or in other words it was along a fourfold axis of symmetry, 
and so the photograph also shows a fourfold symmetry. In the same way, 
in Fig, 34, the Lane spots of cubic crystal of MgO show a fourfold 
symmetry. Reverting to Fig. 32, OF is a line in the plain* of incidence as 
well as in the atomic plane, and F is a point (not Lane-point) on the photo¬ 
graphic plate. If 0 be the glancing angle, /FOR —0. We can imagine 
other atomic planes containing the line FO and inclined to OO' at an angle 0. 
The line FO is known as the Zonr-asts. The atomic planes having different 
grating constants will reflect some wavelength \ in the continuous radia¬ 
tion used; and it is obvious that these reflected rays will lie on the surface 
of a cone with O as apex, FO as axis and the semi-vertical angle 0. The 
intersection of this cone with the plate will be an ellipse passing through 
O'. Thus Lane photograph consists of dots placed on ellipses passing 
through the central spot O'- 

132. Interpretation of Laue-Photographs. — In Fig. 33, 
suppose the atomic plane EE reflects the X-ray beam at K and gives rise to 

_a Laue spot R on the plate PP. Let 

O l)e the central'spot. KN is drawn 
perpendicular to atomic plane K, 
meeting the plane of the photo¬ 
graphic plate at N. Then N is called 
the gnomon ic projection of the Laue 
spot R. 

Fiy. H3. The <?noinonic projection. If X-rays are initially made 

perpendicular to the (100) plane we can write down the indices of all planes 
giving rise to Laue; spots from this projection. This is done as follows. 
Taking O to be the origin, and OK to be the z-axis, we have 
OR=r tan 20, and r=*ON tan 0 

* The plane ih k 7) is the same as (-h-k-l). It is conventional to denote 
a negative index oy putting a bar above it. 

f Vide Wyckoff, The Structure of Crystals, p. 117. 
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where r is the distance 0I\. Since r and OR are known, the position of N 
is therefore known. Again the line KN is normal to the plane K, and so 
its direction cosines are given hy 

L: M: X - x:y:r 

where (.r, if) are the eo-ordinates of the gnomonic spot N. Now the 
Millerian indices of the reflecting plane are proportional to these direction 
cosines, and so 

h : k : I = x: y : r 

Tien* r the distance between the crystal and the plate is fixed for all spots. 
The indices //, /*, / thus are determined from the co-ordinate of the gnomo¬ 
nic spots. Fig. 34 shows a gnomonic projection of the Lane spots for 
MgO, while the inset is the corresponding Lam* photograph. It will he 



having /c*=l, 2 . . . 3,2, etc., and a similar argument applies for h. As 
the indices are whole numbers, they all lie on the intersection of /r=0, 1, 

2 . . . etc., with k~ 0, 1,2. Thus the indices of the reflecting planes 

can be readily known by constructing a gnomonic projection diagram for 
the spots as shown in this figure. 

Calculation of the Spa rings. —In the case of Lane spots it is difficult to 
calculate the spacing, for the wavelength \ giving rise to any particular spot 
is unknown. By decreasing the voltage across the X-ray tube, and noting 
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which Lfiue spots vanish we can find the approximate X and hence the 
approximate spacing. For in tenser spots the wavelength can be guessed 
from the voltage. For a full reference of the exact experimental procedures 
see Wyckoff, The Structure of Crystals, pp. 117 to 140. 

In general it is better that the Lane photograph be supplemented by 
spectrometric (Bragg or powder) or other methods for the determination of 
a. When this is done, it becomes simpler to find the spacings (rule 
eqn. 30, 31). 

Schiebold Method .*—In order to avoid the ambiguity about the wave¬ 
length, the photograph is token in Schiebold’s method by rotating a small 
crystal about a crystal axis, and using monochromatic X-rays. In this 
arrangement the spacing can be directly calculated. One disadvantage of 
this method is that a longer exposure is required. 

133. The Complete Determination of Crystalline Struc¬ 
ture—The Structure Factor. —In the cubical crystal, the value of 
a—d i 00 is found from the methods given above. The volume V of the 
unit cell is given by 

V - 

If m be the mass of the chemical molecule, u the number of molecules 
in the unit cell, then p the density is related as p — mu/V from which we at 
once get the value of it. In § 124 on space-groups we have emphasised 
the fact that knowing the crystallographic symmetry and the value of u, 
the interior structure can at once be known. The general methods have 
been described. But the problem is not so simple, for complexities arise 
in many ways, two of which will be discussed briefly. 

(1) We have seen that in crystal analysis we (ind the spacing or the 
distance between two successive atomic planes. If iirFig. 24 we have an 
atom at the origin O, the spacings of (100) planes will have to be halved, while 
the spacings of the plane passing through P, Pi, O will remain the same. In 
the same way in the body-centred and face-centred crystals, the spacings 
have been halved for some planes while not for others. All these facts 
have to he taken into account in the structure determination. 

(2) Even if the correct space-group is obtained, the structure deter¬ 
mination is far from complete unless the parameters of the atoms in the 
unit cell are known. For the space-groups can only give a large number 
of probable atomic arrangements. The more the number of dissimilar 
atoms, the more difficult becomes the determination. The problem is 


* E. Schiebold, Zeit. f. Krystallographie, 57, 579, 1923. See also J. D. 
Bernal, Proc. Roy. Soc . A> 113, 117, 1920, 
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approached from a study of the relative intensities of the reflections from 
various planes. In § 126 we have seen how Bragg* arrived at the correct 
solution of the structure of NaCl from a study of the intensity of reflection 
from various planes. The intensity of reflection is the sum total of 
scattered intensities contributed by the atoms in the various planes. So it 
includes an amplitude factor and a phase factor. The phase factor arises 
from the fact that the reflected rays coming from the different atoms in any 
crystal plane have got phase differences with respect to each other, which 
renders the intensity of reflection from one plane different from that due to 
another. On the other hand the amplitude factor has its origin in the fact' 
that in the mechanism of scattering by a particular atom, all the outer 
electrons in the atom take part; but there will be again a phase difference 
between the scattered radiations coming from the different electrons. The 
phase difference therefore depends upon the electron distribution in any 
particular atom, and is consequently different for different atoms. Hence 
the scattering powers of different atoms, as well as of the same kind of 
atoms in different configurations, will also be different. Inversely the 
determinations of structure factor and amplitude factors can give an idea 
of the possible configurations of atoms in the various planes, and of 
electrons in the atoms of a crystal. 

The phase factor commonly goes by the name structure factor and 
depends on the relative positions of the atoms (or their parameters). 
It can be shown that if in any set of parallel planes (hid) there are 

different atoms Avith co-ordinates (#i, yu &i)> y'u i)*. 

etc. with the scattering power Oj, atoms with co-ordinates (x 2 , y%, %), 
y l 2 > 2 )> • .. . etc. with the scattering power a 2 , and so on, the 
total intensity* is given by 

1=*J2 + B2 

where A~a j^cos 2nn (hx\ + l%i)+ o 2 2 cos %itn (hx 2 -\- ky 2 + l% 2 ) 

B^Oi'£s\n2Kn(hxi + ky\ + fx, l )+G 2 '2! l * m 2 Kn ( ftx 2+ %2 + ^ 2 ) 

and n denotes the order number as usual. 

The study of space groups gives us choice of a large number of posi¬ 
tions of the atoms in the unit cell; these are successively tried in the above 
formula and the resulting intensity is compared with the experimentally 
observed value. Take the example of the NaCl crystal. The student can 
substitute for himself the values of the co-ordinates of the sodium atoms in 
the unit cell in Fig. 25 as (000; aOa ; aaO ; On a), and also those of chlorine 
atoms (as aaa; a00; 00a; 0a0) in the above equations. It will be found that 

* This is derived in the same way as vibrations.with the same fre¬ 
quency but possessing different amplitudes and phaseagre compounded in 
Acoustics or Optics. For an account of this subject sw^yckoff, loc . ciU 

F. 33 
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for odd values of n and odd values of {hid) the scatterings due to chlorine 
and sodium oppose each other, while for even values of n they re-inforce each 
other. Bragg’s observations on NaCl {vide Fig. 27, §125) are in conformity 
with this theory. 

Hence the assignment of the above co-ordinates to the Na and Cl atoms 
gives us the most probable structure of the NaCl crystal. The same holds 
for any other crystal, ie., if the intensity of reflections for any crystal is 
experimentally determined, then out of the manifold alternative structures 
suggested by the study of the space-groups of the crystal, that structure 
will be the most probable which satisfies the obtained intensity distribution. 

134. Atom Factor and Atomic Structure Factor. —In the last 
section the structure factor (phase factor) of crystals has been taken into 
account. Now we shall consider the amplitude factor. This factor involves 
the scattering power o in the last expression. The scattering power 
for amorphous substances is given by Thomson’s formula (eqn. 9) 
as shown in § 113, and it contains the factor (l-fcos2 20), 0 being the 
glancing angle. But Bragg found that in the case of planes for which the 
structure factor was the same (say in those planes of NaCl in which Cl 
and Na atoms co-operate), the intensity falls off* rapidly with 0 {vide curves 
in Fig. 27). He gave the empirical relation* 

j _ n Id-cos 2 g sin 2 0 
~ ' sin 2 # . K } 

where C is a constant depending upon the wavelength of the primary 

X-rays, e ** sm d is known as the Delye factor (B being very small, 
this factor is almost equal to 1) and it is due to the thermal agitation 
of the atoms in the crystals. Darwinf and Compton proposed a 
theoretical] (modified Thomson) intensity formula'for crystalline sub¬ 
stances taking into account the change in refractive index of the X-rays 
as they passthrough the crystal (see eqn. below). In this, the factor sin 2 # 
in the denominator of Bragg’s empirical relation was replaced by 
sin 2 9 , so that there remained a factor cot# which was to be accounted 
for. The discrepancy must be attributed to the amplitude factor alone. 
The distance of the electrons from the centre of the atoms containing them 
is in general comparable to the inter-atomic distances. It is well-known 
that in a diffraction grating if the width of the ruled lines are comparable 
to the distance between the successive lines of the grating, the intensity of 
the higher order spectra rapidly falls oft. The same principle was applied 
to explain the above discrepancy in the scattering formula. The 11 electrons 


* W. H. Bragg, Phil Mag., 27, 881, 1914. 
f C. 0. Darwin, Phil Mag., 27, 325, 1914. 
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of the Na atom are distributed in different shells round the atomic core and so 
they cannot be taken as one unit of 11 electrons. Their effective value must 
be considered. This value is known as the atomic structure factor or atom 
factor . It is denoted by F Taking this into account the theoretical 
formula then takes the form as deduced by Compton,* 

Wio __ 1 N 2 'k ?> F 2 ^ e 4 (1-j- cos 2 20) 

lo 2 \i m 2 c* sin 20 “ " ’ * ' 

Here N is the number of electrons in unit volume, 7o is the intensity of the 
primary beam, F is the atomic structure factor, and [A is the absorption 
coefficient of the crystal. ' As crystals arc not perfect reflectors, in experi¬ 
ments on intensity determinations they are generally rocked with an angular 
velocity CO, and IFco is the total intensity (or the integrated intensity) for 
any wavelength. IFco / I Q is measured as usual, and when everything 
else in the expression above is known, F can be at once calculated. For 
NaCl, this factor is partly due to Cl and partly to Na. 

Let F ci and Fxa be the atomic structure factors of 01 and Na atoms, 
then for those planes for which n and hid are odd, the observed atomic 
factor F[ will be 

F i = Fjfa —Fa 

and similarly for even values of n y the observed atom factor 1<\ will be 

Fz—Ftfa -\-Fci 

Hence F Na =* (t\ + F 2 \ F (i (F 2 -F } ) 

The values of Fa and Fy n arc very important, for they throw light on 
the structure of the atoms of Cl and Na. Compton showed that if j) (r) is 
the probability of an electron being found within the distances r and r+dr 
with respect to the (h ki) plane from the centre of the atom, the atomic 
structure factor is given by 

F=* Z j* p(r) cos - dr ...... (34) 

•' - d 

where d is the grating constant and Z is the atomic number. If the 
variation of the atomic structure factor \v T ith the glancing angle $ be 
known, then the distribution of electrons can be determined. This is done 
in the following ways: 

(a) By trial , i.e., by assuming a value of the probability factor p(r). 
Bragg, James and Bosanquetf assumed it to be equal to 1/2 r and integrated 
the above expression. As electrons are distributed in various shells, F can 
be expressed as a summation each term of which is due to electrons in a 


* See Compton’s X-rays and Electrons (1927), p. 125. 
t W. H. Bragg, R. W. James and Bosanquet, Phil Mag ., 41, 309,1921* 
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particular shell, i.e., we have 

F- V. 


si u 


(4 nr sin 6) 


.nr . 

4 -y-sin 0 


■ . (35) 


Bragg concluded from tho above considerations that in the Na atom there 
are 


7 electrons in a shell of radius 
3 electrons in a shell of radius 
and in the Cl atom 

10 electrons in a shell of radius 
5 electrons in a shell of radius 
3 electrons in a shell of radius 


... *29 A.U, 
... *76 A.U. 


... -25 A.U. 
... -86 A.U. 
... 176 A.U. 


(b) By expanding the expression for atomic structure factor into a Fourier 
series.—This was first suggested by W. H, Bragg/ and carried on by 
Duane, Compton, Havighurstf and W. L. Braggt. They have arrived at 
interesting results on the distribution of electrons around atoms from this 
analysis. 


135. The Ionic, Atomic and Molecular Crystals. —(1) Inor¬ 
ganic Crystals —-From the above analysis, we see that 10 electrons are as¬ 
signed to the Na and 18 to the Cl atom. But it is well-known, that the 
ordinary atom of Na contains 11 electrons and chlorine contains 17 elec¬ 
trons. Hence it is supposed that in the formation of the NaCl-crystal, the 
Na-atom loses one electron which passes over to chlorine, so that the 

crystal is made up of Na + and Cl-ions placed regularly according to the 
cubic lattice pattern. Such compounds are called by the chemists 1 ionic. 9 
Most of the inorganic salts form ionic type of crystals. But there are others 
in which the electrons remain with the parent atom. They are supposed to 
be held together by non-ionic linkages, and here again two kinds of bind¬ 
ing are distinguished, viz., atomic and molecular. 

In the atomic molecules the linkage is of nonpolar origin, but still the 
valency characteristics of the individual atoms are generally preserved, 
while in the molecular type this may not be always true. Thus diamond 
is an example of atomic molecule and graphite is of molecular type. It 
has been found that all organic crystals are of molecular type. 

(2) Organic Crystals— Of the two kinds of organic crystals, aliphatic 
and aromatic, the X-ray analysis of only the first has been carried at some 

y/ 

* W. H. Bragg, Phil Tran. Roy. Soc. A, 215, 253, 1915. 
t Havighurat, Phys. Rev., 23?L'869, 1926. 
t W. L. Bragg, Proc. Roy. Soe. A, 123,537, 1929. 
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length. The aliphatic crystals have been shown by Bragg and Piper to 
consist of long chains of molecules. While among the aromatic crystals, 
the benzene ring constitution has been proved by K. Lonsdale* to be true 
in the case of hexamethy 1-ben zone. 

136. The Structure of Liquids.— If thin film of liquid is 
substituted for the powdered crystal in the Debye-Scherrer method, a 
diffraction halo is obtained around the central spot on the photographic plate. 
This discovery was made by Debye and Scher*er in 1916. In Fig. 35, 
Plate IV, is shown a diffraction photograph of ethyl alcohol with CuK radi¬ 
ations. The halo is broad and diffuse, but it still proves the existence of 
some sort of regular molecular arrangement inside the liquid. This arrange¬ 
ment has been called a cybotactic (tendency of molecules to arrange them¬ 
selves in the form of chains) group by Stewart. For example, in the case 
of polar compounds like fatty acids and primary alcohols, two diffraction 
haloes are observed. Stewartf supposed that the polar molecular chains 
have a tendency to group themselves in end to end position, as shown 
below diagrammatically for ethyl alcohol liquid. Hen 1 t»vo ethyl alcohol 
molecules are shown one vertically obove the other, with the polar OH- 
groups away from each other. This arrangement goes on repeating itself 
as shown by the next pair. 


OH 

OH 

ch 2 

oh 2 

j 

ch 3 

ch 3 

ch 5 

ch 3 

1 

ch 2 

OH 2 

1 

(III 

Oil 


The distance between the polar (OH) groups in the same chain can be cal¬ 
culated from Braggs’ equation sin 0, where 40 is the angle subtended 

by one of the haloes at the liquid film. The other stronger halo does not 
change with the length of carbon chain when different substances of the 
same series are studied. For this reason it is concluded that the spacing 
depends upon the distance between the neighbouring chains. These groups 
are not stable but break up as soon as they are formed, but even in the short 
time for which they exist, they give rise to this halo. There is some diffuse 
scattering at small angles which has been explained by Raman and 
Ramanathant to be due to scattering caused by the sudden fluctuation 

* K. Lonsdale, Proc. Roy . So*, 123, 494, 1929. 
f Stewart, Phys. Rev., 30, 232, 1927 ; see also 31,1, 1928. 
t Raman and’Ramanathan, fVoc. Indian Ass . Cull Sc 8 , 127,1923, 






202 


RONTGEN RAYS 


[VI 


of density in the liquid similar to the ease of optical scattering by liquids 
dealt by Einstein and Smoluchowski. A very large number of liquids* were 
experimented upon, and the haloes obtained were interpreted on similar lines. 

137. Methods of X-ray Spectroscopy. —During the last 
twenty years, two methods distinct from each other have been deve¬ 
loped in the Spectroscopy of X-rays. These are 

(I) Method depending on the phenomenon of diffraction of 
X-rays by crystals, according to Braggs’f formula. 

(II) The method discovered by A. H. Compton and R.L. I)oan$ 
depending on the phenomenon of diffraction of X-rays 
by ordinary plane or concave gratings at the grazing angle 
of incidence (ride §143). This is also known as the 
absolute method of determination of wavelengths. 

Wo shall discuss briefly some of the important methods deve¬ 
loped under each of the two heads. 

I. (A) Tub Method of Fixed Crystals 

The simplest method depending on the principle of X-ray 
diffraction by crystals is due to Moseley. 

Moseleyli used the Bragg formula ?t'k= i 2d 
sintf, and devised the arrangement illustrated 
below (Fig. 37) for finding out the wave¬ 
lengths of the K and L characteristic radia¬ 
tions of 45 elements between A1 and Au. 

Since d is known, the problem is to find out 
the glancing angle 0 for different wave¬ 
lengths of an element. 

A divergent beam of X-rays, coming from 
the focus T of the target of an X-ray tube, and 
after being limited by a slit at P falls on the 
fixed crystal 0. If the extreme rays of the beam 
make glancing angles 9i and $ 2 with the crystal, 
a photographic plate placed in their path will record a spectrum R 2 



* Driicker, Phys. Zeits 29, 273, 1928; 

For a collected account of these works see P. Krishnamurti, Indian 
Jour. Phm., 14, 543, 1930. 

t W. H. and W. L. Bragg, Proe. Roy. Soc . A, 88 , 428, 1913. 
t A. H Compton and R. L. Doan, Proe. Nat. Acad. Sd., 11, 598, 1925. 
II Moseley, Phil. Mag., 26, 1024,1913. 
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consisting of the wavelength region between Xi =2rfsin 0 1 and X 2 = 2^/sin 0 % 
in the first order. By varying the inclination of the crystal with the 
line of symmetry of the beam, different parts of the spectrum can be mapped. 
It may be noted however that the spectrum obtained in this way is never a 
pure spectrum, for, a glancing angle 6 does not correspond to only one 
wavelength X, but also to X/2, A./3, .... die latter being reflected in 2nd, 
3rd . . . orders. But as the intensity in higher orders falls off’very rapidly, 
this defect matters little, and can be removed by putting appropriate 
filters in the path of the beam. 

The method had many sources of error. The glancing angles 
6i and 02 could not be measured accurately, for the simple reason 
that the axis of rotation of the crystal is at O. Moreover, as the 
crystal is rotated fsav, in the clockwise direction), the wavelength 
Xi, which was formerly reflected from a particular point, will be 
reflected now from other points lying on the crystal till the other 
extreme end of the beam is reached. The consequence will be that 
the spectral line at R x will not be sharp, but will be broad like a 
band. And if the reflecting power of the crystal in various parts of 
its crystallographic face is not uniform, as is generally the case, the 
band obtained will be irregular and ghostly in structure. 

I. (B) Bragg's Focussing Method. 

In order to avoid some of the uncertainties, WML Bragg devised 
the focussing method . In this (see Fig. 38 below) the distance between 
the slit Si and the crystal is the same 
as the distance of the slit S 2 of his 
ionisation chamber. The centre of 
rotation K of the crystal, the slits Si 
and S 2 lie on a circle. An ionisation 
chamber was used by Bragg instead 
of a photographic plate. 

The beam entering through the 
slit Si, falls on the crystal A A, when 
it is a tangent to the circle on which 
S], K, S 2 lie. 

Let a wavelength Xj, having glanc¬ 
ing angle 0 be reflected from K and 
received in the ionisation chamber 
through the slit S 2 . If the crystal be 
now rotated to the position A'A', the 
from the point B, which from the geometry of the figure, must lie on the 
circle passing through the slits and the centre of rotation of the crystal. 



same wavelength will be reflected 
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Si K A is the angle made by the tangent A K with the chord Sj K, so 
that all angles equal to this must lie on the opposite segment. Hence B 
must lie on the circle, and the reflected ray from B must enter the slit S 2 

So in one setting of the ionisation chamber, only rays of one single 
wavelength will (inter into it, and it is immaterial whether the 
reflection is taking place from the centre or any other part of 

the crystal. If Up be the angle subtended by the arc Si So at the 

centre K, the glancing angle is given by 0=rf)O° — (3. 

Necessity for rocking the crystal .—If the reflecting power of 

the crystal is uniform in different parts of its reflecting face, the 

fixed crystal method may work well; but if otherwise, the crystal 
must be rocked within a degree. The rapidity of rocking must 
be adjusted according to the sensitivity of the ionisation apparatus, 
otherwise an illusive fine structure will be indicated, due to non- 
uniformity in the reflecting power of different parts of the crystal. 
In practice perfect crystals arc so rare that it is the universal custom 
now to keep the crystal rotating, otherwise in the fixed crystal 
method false lines due to imperfection of the crystal may appearand 
vitiate the result. 

I. (C) Siegbahn\s Precision Measurements.* 

SiegbahiTs spectrograph is 
almost the same in principle as 
that of W. II. Bragg, the only 
difference lies in the fact that 
photographic plates are used in 
place of ionisation chambers. 

The principle of the instru¬ 
ment is illustrated in Fig. 39. 

The crystal is set parallel, 
to the beam, and the axis of 
rotation (through O) is brought 
on the surface of the crystal. 
The photographic plate P is held 
tangentially, to the divided circle. 
It is apparent that the focus¬ 
sing condition does not apply rigorously to the case of a photographic 

' For Siegbahn’s methods see Spekiroskopie der Rbntgenstrahlen (1931) 



Fig. 80. Principle of Sicgbahn’g Spectrograph. 
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plate; for the plate touches the circle at one point only. The approxi¬ 
mate glancing angle 0 is found by the ordinary methods. The 
plate is then brought into the position I, so that it makes an angle 2$ a — p 
with the direction of the X-ray beam (0 is only a small angle chosen 
arbitrarily). The crystal is brought to the position I and the spectrum 
line is recorded at Lj. The plate is now brought to the position II, by 
rotating the arm carrying it through 40„ - 20. The crystal is also brought 
to the position II. The spectrum line is recorded at L 2 . From the figure 

40„ « 4 e„ - 2p + 8 

where 0 h is the correct glancing angle, 8 is the angle subtended by L { h 2 
at the centre. The distance L 1 L 2 is measured on the comparator, and 
if It is the distance of the plate from the centre, 



in circular measure. 

The small angle p is given different values, both on tin* positive and 
the negative direction. The mean 0/, gives the most accurate value of 
the glancing angle. 

In Sieglmhn’s apparatus the points N 1 , Li and L 2 are so near each 
other that the deviation from focussing condition does not matter much. 
Moreover, the radius R is kept large, the beam is narrow and the angle 
through which the crystal is rotated is read very accurately on a vernier 
scale. The crystal is selected so that its lattice planes are not distorted, 
and so has uniform reflecting power. 

Compton and Doan’s method of X-ray spectroscopy will be described 
later in § 143. 


138. Dispersive Power of a Crystal.—The dispersive power 
of a crystal is denoted by dk/dd . From Braggs' equation : 

nk — 2d sin 0 


we get 


(fk _ 2^/ cos 0 

(10 n 


For small values of 0 this becomes 

~ = — = constant.(36) 

* d0 n 

Resolving Power ,— Thus the dispersive power for any crystal for 
the same order of reflection is constant. On the other hand, the 
resolving power of any spectral instrument would depend to a large 
extent on the breadth of the X-ray lines, and therefore on the 
breadth of the slit. But due to the fact, that the X-rays enter inside 
F, 34 
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the crystal, the width of the lines will not only depend on the width 
of the slit, but also on the thickness of the crystal traversed by the 
ray. The resolving power can be calculated from the diagram below 
(Fig. 40). 



Let the source be a slit of width s at a distance a from the crystal 
which has the thickness t. Let us assume that the crystal is inclined to 

the beam SA at a glancing angle ft 
Then according to Braggs’ Law, a 
wavelength X will be reflected, and 
will be recorded at B'A'. The 
breadth of the line B ; A ; will be 
equal to that of the slit to a first 
approximation. But the incident 
beam will penetrate into the crystal 
to some depth and be reflected from 
the lattice planes in the interior. All 
these reflected beams will be recorded on the plate, so that instead of 
getting sharp lines on the plate we will get bands with one sharp intense 
edge and the intensity falling off on the other side. This fading is due 
to the fact that X-rays are absorbed as they enter the crystal, and the 
rays reflected from lower layers thus become weak. 

We can now try to calculate the true resolving power. It will be seen 
from the geometry of the diagram that the breadth of the spectrum line is 
equal to .s-f 2t cos 6 where t is the thickness of the crystal, and .<? the 
breadth of the slit. 

_DE^ 

sin 2ft 

J. _ JDE , 
sin 6 sin 2ft 
or DE = 2t cos 6. 


For, 


Also 


AD 


AD 


Therefore the breadth of the line = s -f DE = s 4- 2t cos ft 
In order that the images of two wavelengths are resolved, their 
centres must be cos 0 apart, otherwise they will overlap. If we have 
two wavelengths X and X+dX to resolve, the crystal must rotate through 
an angle d$ such that 

ndX = 2d cos 6 dd 


Since the reflected ray rotates twice as fast as the crystal, it will rotate 
through an angle 2tfft If we keep the plate at a distance r from the crystal, 
then the displacement on the plate of the images of the two wavelengths is 
equal to 2 rdd . In order that the two wavelengths are separated 

2r d$ > a + 2 1 cos 
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, * d cos $ , . 

or d K > -(.s* 4- 2 1 cos 0) 

nr v 

> (,s* -f 2£ cos 0) (37) 

nr v 7 

Thus in order to design an apparatus having high resolving power, we 
must make dk small. To ensure this a large value of r is taken. The 
crystal is so chosen that not only its grating space d should be small, but 
also it is advantageous to take t the thickness of the crystal, to be as small 
as possible. Spectroscopes have been designed to increase their resolving 
power taking account of the factors in the above expression. 

139. Seemann’s Schneiden and Loch-Kamera Spectro¬ 
graphs. —Seemann drew attention to the fact that the breadth of 
the spectrum lines in X-rays not only depends upon slit-breadth but 
also on the thickness of the crystal. And in order to overcome these 
difficulties, he modified his apparatus in the following way. 

(1) Schneiden Method - In this method (Fig. 41) the slit is dispensed 
with, and instead, a wedge W made of lead or gold, is placed on the crystal 
table so that the sharp edge of the wedge 
touches the crystal C and lies on the axis of 
rotation of the latter. This has the effect of 
greatly reducing the breadth of the reflected 
beam, so that in the above equation (37) we can 
put the effective width of the slit to be zero. 

The lines obtained from this arrangement are 
sharp. It is interesting to note that this arrangement always satisfies 
focussing condition. The crystal table is rotated as usual, and the various 
spectrum lines are recorded on the plate. But in this method the effect due 
to the thickness of the crystal has not been eliminated. This is done in the 
next arrangement. 

(2) Loch-Kamera. —In this arrangement (Fig. 42) the slit is placed 
not in the incident beam but in the reflected beam . The slit 81 in the 

diagram shows its position with 
respect to the crystal. A broad 
beam of X-rays falls on the 
crystal K i and only that part of 
the spectrum is allowed to pass 
through the slit which obeys 
Bragg's law. As the glancing 
angle is fixed, the crystal cannot 
be rotated so as to photograph 
the whole spectrum; but instead of that it is simply displaced perpendicular 




* See Siegbahn, “ SpektrosJcopie der RbntgemtrcMen” 1931. 
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to its face. In the positions of the crystal shown by dotted lines K 2 and 
K 3 the glancing angles are different, and therefore different wavelengths 
Xi, X 2 , X 3 .can be photographed. 

140. Spectroscopy of Hard X-rays. —In the preceding part 

of this section, the impor¬ 
tant spectroscopic methods 
have been described, and it 
has been pointed out that in 
the Bragg-Siegbahn method 
Fig. 43. the glancing angle should be 

Siegbfthn’t) apparatus for hard X-ray Sp,,tros,opy. ^ mC aSUrcd. 

Butin the case of hard X-rays (beyond 7 A. IT.) the glancing 
angle becomes very small and so it is not possible to measure 
it very accurately. Hence in these cases, distances between spectral 
lines are measured instead of angles. 

Siegbahn’s Apparatus. —Siegbahn* designed an apparatus illus¬ 
trated in Fig. 43 for measurement of the wavelength of hard X-rays 
(up to *5 A. IJ.). 

He uses a transmission method first tried by Rutherford and Andradef 
for determining the wavelength of y-rays. The lead slit B limits the beam 
of incident X-rays. The rays then fall on the crystal K of calcite or 
rocksalt. This crystal has been cut perpendicular to the cleavage plane, 
and so the atomic planes which will reflect the rays, are perpendicular to 
the faces. A fine slit 81 made of gold is placed next to the crystal. The 
crystal, the slit, and the arm carrying the photographic plate P are rigidly 
connected and can be rotated round an axis passing through the slit 81 . 
The distance between the slit 81 and the plate P is about a meter. The 
plate P is adjusted parallel to this crystal by optical means, and a second 
slit S 2 is placed close to the plate P so that a line drawn through the 
slits 1 and 2 is normal to the photographic plate. First of all the arm 
carrying the crystal plate, and the slit 1 is rotated so that the direct beam 
passes through the slit 2 and produces an image on it. The arm is now 
rotated and brought to the position shown in the diagram so that the 
X-rays get reflected and are recorded at X 1 . In order to cut off the direct 
beam, a lead block L is placed before the photographic plate. The arm 
is brought to a symmetric position on the other side and another photo¬ 
graph is taken. The distance between the two spectral lines subtends 



* Siegbahn, “ Spektroskopie der Rontgemtrahten” 1931. 
f Rutherford and Andrade, Phil. Mag,, 28, 263. 1914. 
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an angle 4<p at the slit, and as the distance between slit S \ and the plate P 
is known, so that $ can be calculated from the formula 

tan 20 — " 
x 

where 0 — the glancing angle, a = half the distance between the recorded 
lines, and is measured by a travelling microscope. #=the distance 
between plate and the slit Sj. 

This method is accurate for small wavelengths, but for larger wave¬ 
lengths inaccuracies creep in due to the fact that the photographic plates 
are never true planes but are buckled and twisted. The whole apparatus is 
enclosed in a lead box to prevent logging of the plates. 

We describe below the spectroscopes designed for the region of extreme 
long wavelengths (between X 2 to 45 A. U.). For the intermediate region 

(^0'5 to 2 A.U.) generally the Bragg Spectrometer can be used. Siegbahn has 
recently designed a more accurate ‘ tube ’ spectrometer for this region, an 
account of which can be found in his book Spnktroskopie der Wntyenstrahlen. 


141. Spectroscopy of Soft X-rays (beyond 2 A. U.).- 

Moseley's Vacuum Spectrograph. —In the region beyond 

o 

2 A.U. the absorption due to air becomes very strong 
and so it becomes necessary to put the spectrograph 
inside an evacuated chamber. 

Moseley’s* origi¬ 
nal vacuum spectro¬ 
graph, designed on 
this principle is 
shown in Fig. 44. 

The chamber M is 
connected to the 

X-ray tube R by Fig. 44. Moseley's Vacuum Spectrograph. 

means of a side tube W. The end of this tube is (dosed by means of 
ii thin goldbeater’s skin. X-rays originate from the target T and 
pass through the gold-beater’s skin at W into the chamber M. 1 his skin 
separates the high vacuum side of the X-ray tube from the comparatively 
low vacuum in the chamber (pressure 1 mm). P is a photographic plate 
chamber in the holder A. The crystal L of potassium ferricyanide is 
mounted on the table B. Moseley’s apparatus is worked by the fixed 
crystal method, and so is not convenient. 

Siegbahn’s Vacuum Spectrographs .—In Siegbahn’s vacuum spec¬ 
trograph shown in Fig. 45, the crystal as well as the photographic 



* Moseley, Phil. Mag., 27,703,1914 
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plate can be rotated from outside. The crystal and the plate holder are 
connected to two vacuum-tight ground metallic cones coaxial with each 
other. This system of cones pass out of the bottom of the chamber which 
has got a corresponding ground cone to fit the above cones. With the help 
of a little grease the whole arrangement becomes vacuum-tight. 

The crystal can be rotated from outside and set for any glancing 
angle, for the cone to which the crystal-holder is fixed has four verniers 
attached to its lower end where it emerges out of the chamber. This 
vernier slides against a circular graduated scale (15") which is fixed to 
the cone carrying the plate-holder. 



Two microscopes diametrically opposite each other are rigidly fixed 
to the chamber, and the circular scale is read by means of it. The 
microscope provides the zero-position for the plate-holder and of the 
crystal. The crystal is rocked from outside without disturbing the 
vacuum. The crystal is set parallel to the beam, as well as to the axis of 
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rotation which is made to pass through the face of the crystal. The X-ray 
tube is fitted up into the chamber by means of a side tube. A thin foil 
of aluminium is used to separate the high vacuum side of the X-ray tube 
from that of the low vacuum in the chamber. But when required to work 
near the region of A, 8 A.U. this aluminium foil becomes a disadvantage, 
for it absorbs heavily, as its K-absorption limit is reached, A thin foil 
(5 \i) can work up to 12 to 18 A.U. In order to overcome this difficulty 
high vacuum spectrographs have been devised in which the aluminium 
foil is removed. The X-ray tube and the spectrograph chamber have the 
same vacuum. Sfegbah i had to take elaborate precautions to achieve 
this, for some air leaks into the chamber through the greased cones. 
A thin plate of Achcson graphite? has been used in place of aluminium 
in this laboratory with good result. 

He re-designed his apparatus* in 1026, and made the size of the 
chambers small and compact so that it was not difficult to maintain very 
high vacuum with the fast pumps at his disposal. The sensitivity of 
the recording apparatus was increased, by substituting a Geiger-counter 
for the Schumann photographic plates. Formerly, the limit to which 
long-wave spectroscopy had been extended was 11 A.U., the K-series 
of Na. But with high vacuum spectrographs, it was extended to 73 A. U. 
by Siegbahn and Dauviller in 1927. There was a further difficulty regard¬ 
ing the choice of crystals. For long wavelengths a crystal of large 
spacing is required. Gypsum (d= 7*5 A.U.) and mica (r/=9‘9 A.U.) were 
used by previous workers. But they are not suitable for long wave¬ 
lengths, for the glancing angles become very large and the spectrum 
lines tend to become curved. It was discovered by Muller, Shearer and 
Braggf in 1924, that the crystals of fatty acids have very large spacings. 
For example, the palmitic acid crystal has d—Sb A.U., and the cerotic 
acid 72 A.U. Thoraeusj in his work on the K-series of O and F used the 
former, and Dauvillier§ used melissic acid crystals, and mapped the 
spectrum region up to 73 A.U,, the wavelength of boron K-lines. Nowa¬ 
days the line grating method has replaced the crystal method of spectroscopy 
in these regions. It will be discussed in § 143. 

142. The Double-Crystal Spectrometer. —We have seen in 
§ 138 that the broadening of X-ray lines is due to the fact that 
when X-rays fall on a crystal, they penetrate Inside the crystal and 


* Siegbahn’s Spelctroskopie der Rontgenstrahlen , 1931. 
f Muller, Shearer and Bragg, Trans. Chem, Soc., 123, 31*56, 1923, 
t Thoraeus, Phil. Mag., 1, 312, 1926. 

§ Dauvillier, Jour, de Physique , 8, 1, 1297. 
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thus reflections take place also from lower planes. But this principle 
applies to hard radiations only. Generally, in the case of perfect 
crystals (though really speaking there are no perfect crystals), the 
upper layers reflect a large part of the X-rays and shield the lower 
layers; and therefore the lines become rather sharp. This effect 
was explained by Bragg who showed that the absorption at the upper 
layers increases when the crystal is set at an appropriate angle for 
reflection. It was denoted by him as primary extinction . In the 
general case therefore where the primary extinction occurs, the 
breadth of the X-ray lines observed must be due to some other cause. 

The broadening of the X-ray lines has been investigated by many 
workers, as it is known from spectroscopic theory that many of 
the X-ray lines consist of close multiplets. In order to analyse 
them the photometric study of intensity distribution along the 
breadth of the lines has become necessary. 

It has been already mentioned on p. 2fi4 that due to the imperfec¬ 
tion of the crystal a false broadening as well as some irregularities 
occur in the structure of the lines. In order to avoid this, the crystal 
is rocked through a small angle. The breadth still persisting is the 
true breadth of the line and must be ascribed to some other reason. 
The photometric study of -the true breadth of the lines shows that 
the intensity distribution follows the Gaussian curve. The reason 
for this is that the surface of the crystal is in the mosaic form , that is, 
a natural crystal consists of minute* crystals oriented in all possible 
directions. And so when the reflection takes place from the mosaic, 
the distribution of intensity across the line takes the Gaussian form. 


In order to make a closer study of the broadening effect, the method of 
double-crystal spectrometer was devised by Davis and Stempel*, and 

improved by others. The chief advan¬ 
tage of this method is to increase the 
dispersion, and to make the breadth of 
the lines independent of the slit-breadth ; 
but due to double reflection the intensity 
of the finally reflected beam is much 
reduced and so the photographic me¬ 
thod cannot be applied. The method is 
illustrated in Fig. 46. X-rays fall on 
the crystal A at the point a. If the ray finds suitable glancing angle, it is 



The Doublocryata) Spectrometer. 


* Davis and Stempel, Phys. Rev., 17, 526, 1921. 
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reflected to the second crystal B. If this crystal is also placed at the appro¬ 
priate glancing angle, the ray again gets reflected and is received in an 
ionisation chamber (not shown in the diagram). Important results 
concerning the satellites of X-ray lines, Compton effect, etc., have been 
obtained by this method. For further information the original papers* * * § 
may be consulted. 

('nrved Crystals .—Recently Johannf, Cauchois$ and Carlsson§ 
have used cylindrically curved ciystals of gypsum and mica for 
analysing X-ray spectra. A thin slice is cut from the natural crystal, 
and by a suitable arrangement of screws it is bent into an arc of a 
circle (radius 50 cuts.), so that the reflecting surfaces are curved 
instead of being planes. The slit, the crystal and the photographic 
plate are arranged in the Rowland mounting positions as in Fig. 49. 
The chief advantage of this method is that a broad beam can be used, 
and for this a large focal spot of the X-ray tube with a large current 
density can be employed without the risk of damaging the anti- 
cathode. On account of the curvature of the crystal, the beam is 
sharply focussed by reflection. Further the glancing angle of the 
incident rays would vary over a wide range, so that a large part of 
the spectrum can be photographed at a time. 

143. Absolute Method of X-ray Spectroscopy.—Thibaud 
and Hunt, Soderman, and Siegbahn and Magnusson’s 
Apparatus. —Compton and Doan I 1 (1924) allowed a beam of X-rays 
from a Cu target to be reflected from a crystal of calcite set at the 
proper glancing angle. The reflected ray consisting of Ka-radiation 
was next allowed to fall on a plane and coarse metal grating (with 50 
lines per mm.) at a very small incident angle. The experiment 
formed a sequel to the total reflexion (§159) of X-rays by glass and 
metal plates discovered by Compton sometime ago. In this experi¬ 
ment they wanted to study the same effect with the aid of gratings. 
It was found that not only was the beam totally reflected by the 
grating, but a spectrum was also present consisting of higher order 
diffraction images of Kai. This discovery gave a new method for 
X-ray spectroscopy. 

* Allison, Phys. Rev., 38, 203, 1931; Spencer, Phys. Rev., 38, 618, 1931. 

f Johann, Zs. f. Phys., 89, 185, 1931. 

t Cauchois, Comptes Rend., 194, 369,1932. 

§ Carlsson, Zs. f. Phys , 80, 601, 1933. 

|| Compton and Doan, Proc, Nat. Acad, Sc. } 11, 598, 1925. 

F, 35 
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The usual arrangement for such experiments can be studied from 

the diagram given below (Fig, 47). 

Let AA be the grating surface, 
and SO be a beam of X-rays incident 
at an angle i, R is the direction of 
the totally reflected ray. In a direc¬ 
tion OB, the intensity of the diffrac¬ 
ted beam will be a maximum if 
nk—d (sin r -sin i) 
where r is the angle of diffraction 
(this is obtained from the theory of the plane gratings), d is the spacing 
of the grating lines. If a is the angle BOR then 

nk = d [sin (a-M) — sin i] 

If we take 6 to be the glancing angle, the above equation becomes 

nk = d [cos (0—a)— cos 0\ 

0 , . 20-a .a 
= 2d sin —^—• sin — 

a a 

= I {26a—a 2 ) .(38) 

for 0 and a are small. 

If OB is on the other side of OR, the formula takes the form 

»X .(38o) 

It has to be noted that a and 0 are small angles, and consequently they 
have to be measured accurately. 0 must be less than $ m the critical angle 
of reflexion. It will be proved in the section on the optics of X-rays that 

sin Om — 

where p is the refractive index. 

This method of finding wavelengths is known as absolute , be¬ 
cause the value of d (spacing) is not known from any crystalline 
theory, but directly from the measurements of the grating space, 
which can be easily done with the aid of a standard optical line. 

Some workers have used plane metal gratings, but generally 
glass gratings are preferred on account of their larger reflecting 
power. The grating space varies from 200 to 1100 lines per mm. 
according to the nature of the work. 

Thibaud* and Huntf were the first to apply this method to 
the spectroscopy of extremely soft X-rays, and they succeeded in 

* Thibaud, Jour . d. Phys. et le Radium, 8, 447, 1927. / 
f Hunt, Phys. Rev., 30^ 567, 1927, 
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photographing the K-series of B and C. Later Soderman* with 
improved apparatus reached the K-series of Be and Li. The latest 
apparatus based on this principle is due to Sicgbahn and Magnussonf. 
This is described below (Big. 48«). 



Pii?. 4S«f. Sicgbahn and Magnusson s Apparatus. 


A chamber of triangular shape as shown in the diagram encloses the 
grating and the photographic plate. The grating is housed in the circular 
portion at the middle of the figure. The grating holder has a steel-wedge 
just at the axis of rotation (as in Scemann’s spectrographs). The holder 
fits into the chamber from the top by means of ground cones. The 
upper portion of this grating holder has a circular head graduated to a 
fraction of a degree. This scale is read by means of microscopes (not 
shown in the diagram) fixed to the body of the chamber. The microscopes 
read the angles through which the grating is turned. The steel-wedge in 
front of the grating limits the beam (as explained in Seemann’s apparatus), 
so that the error due to divergence of the beam is eliminated. The cham¬ 
ber ends on one side (to the left) in a ground cone to which tits a corre¬ 
sponding cone of the X-ray tubet. The X-rays come from the target and 
are collimated by a series of slits shown in the diagram. The base of the 

* Sfiderman, Zs. f. Phys 52, 795, 1929. 

f Siegbahn and Magnusson, Zs. f. Phys., 62, 435, 1930. 

% The entire system to the left of the grating is the X-ray tube. For 
the description of this see § 145, (2). 
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triangle forming the chamber contains the plate-holder. The lid to the 
extreme right can be removed when loaditig the plate, and is easily 



replaced. A lead sheet in the form of an arc is placed between the grating 
and the plate, and serves to shield from fogging the unexposed part of the 
plate. This shield can be operated from outside without disturbing the 
vacuum. The chamber mid the X-ray tube are evacuated together through 
a side tube. 

A typical spectrogram is shown in Fig. 48, Plate V. R is the 
reflected ray and the various order of spectra can be seen beyond it. 

Measurement of wavelength can be done in the following way 
as illustrated m Fig. 48//. Here /‘—angle of incidence and glanc¬ 
ing angle. 

If R be the reflected image at a distance x from the central spot O 
and / the distance between the plate and grating, then we have 

tan 2</> = xjl 

Let S' be the image of any spectrum line. Then 

tan (2</> + a) = —~ l .(39) 

where a is the distance of the line 8' (whose wavelength is to be calculated) 
from the reflected image R. 

From the above two equations and a are found, and substituted 
in the equation 

nX = fy (2a <f> + a 2 ).(40) 

The value of X is thus readily obtained. 

Dispersion.— Differentiating the equation (40), 

da n 

dX “ (ff+a) d 

(<£+a)d A (<£+a)d A ., , . # , 

or AA = -— Aa =» azj—A(</>- f-a) « — Ail) 

n n vr / n y 

where <£+a «* ip, the divergence. 
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The dispersion is seen to be very small, simply because d is com¬ 
paratively large; and it depends on the angle of divergence only.* * * § 


144. Concave Grating. —Osgoodf applied the focal property 
of the concave grating to X-ray spectroscopy and reached X16(i A. U. 
of A1 in the region of soft X-rays. 

Since then Kdlcnt, Ekefors§, Arvvidssonli and others have con¬ 
structed new apparatus for the spectroscopy of extreme ultra-violet 
rays using small glancing angle of incidence (about 5 # 6°) with concave 
gratings having a radius of curvature of about one metre and 1184 
lines per mm. The same apparatus can be used for very soft X-rays 
(40 A. U. to 150 A. 1.). Siegbalmlf is of the opinion that the concave 
gratings are more suited for this range than the plane gratings. 


Fig. 49 above shows a 
grating (1 and the first slit 
Sp lie on the circle having its 
centre at () and radius equal 
to the radius of curvature 
of the grating. A thin photo¬ 
graphic plate is bent along the 
arc of the circle and differ¬ 
ent wavelengths are focus¬ 
sed on it. C is the image 
of the totally reflected line. 

Comparison of crystal 
and grating methods. 

It has been found 


sketch of the arrangement. The concave 



that there is a systematic difference between the values of any 
wavelength obtained by the crystal and the grating method. 
This has led to a controversy regarding the relative merit 
of the two methods, which has not yet been satisfactorily cleared 
up. The difference cannot be attributed to experimental error; 
there must be some fundamental difference in our understanding 
the theory of either of the methods. Bearden** is of the opinion that 


* For the calculation of resolving power see A. W. Porter, Chit Mag., 
6, 32, 1067, 1928. 

+ Osgood, Phys. Rev., 30, 567, 1927. 

i Edlen, Zs. f. Phys., 73,476, 1932, 

§ Ekefors, Zs. f. Phys., 71, 53, 1932. 

II Arvvidssou, Ann, a. Phys., 12, 787, 1932. 

If Siegbahn, Proc. Phys. Soc., 45, 689, 1933. 

** Bearden, Phys. Rev., 39, 1, 1932. 
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the grating measurements are in error, for he found agreement 
between the values of the same wavelength as obtained from the 
crystal method and the prism refraction method (§ 158). Backlin* 
and Cork do not subscribe to this opinion on reasonable grounds. 
They point out that the agreement between the crystal and the prism 
methods is due to the use of the same auxiliary constants in the 
calculation of wavelengths in both cases. On the other hand the 
grating method is direct and does not depend upon the values of the 
auxiliary constants. 

145. X-ray Tubes. —During the four decades that have 
elapsed since Rontgen's discovery, a large number of X-ray tubes of 
new patterns have been designed to meet the requirements of the 
various applications to which these rays have been put. But all of 
them can be classed broadly in two groups : 

(1) Ion type, and (2) Electron type. 

The original X-ray tube made by Rontgen was of the ion type, 
and a description of that apparatus has been given in the beginning 
of the chapter. In every X-ray tube, there must be a cathode, an 
anticathode or anode and an insulating material separating the two. 
In Rontgen's X-ray tube a glass globe separates the cathode 
from the anticathode. Further, the space between the cathode and 
the anticathode must be capable of conducting electric current at a 
very high voltage. There are two methods of achieving this, and 
each of them has given rise to the two classes of X-ray tubes men¬ 
tioned above. In the first the ions act as the carriers of electricity, 
and in the seconds the carriers are the electrons. 

(1) The Ion-type Tubes.—In these tubes, the space between the cathode 
and the anticathode is evacuated to about 10’ 2 to 10“ 3 mm. pressure. If 
now high voltage be applied, so that the cathode is negative and anti¬ 
cathode is positive, a current will pass through the tube. The magnitude 
of this current will depend upon the pressure of the residual gas inside. It 
is supposed that the electrons first originate from the cathode which ionise 
the residual gas and the ions are driven with great velocity by the negative 
electric potential of the cathode on to the anticathode. The cathode is 
generally a concave piece of aluminium, which is chosen because it sputters 
least. The anticathode is placed at a distance from the cathode equal to 
the radius of curvature of the latter. The high velocity electrons are 
focussed on the anticathode, and as they are stopped, X-rays are generated. 


Backlin, Phys. Rev 40, 112, 1932. 
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It has been found that the intensity of X-rays depends upon the 
magnitude of the current, while their penetrability depends on the voltage 
applied to the X-ray tube. The current 
depends not only on the voltage but also ^ 

on the residual gas pressure. And con- Vy // 

scquently a slight change in the gas M 

pressure will mean a change in the 
current passing through the tube. Ion 
type X-ray tubes generally have a ten- Tf 

dency to become harder (i.e , gas pressure 
tends to decrease, because the gas is 
absorbed by the walls of the tube) when a 
discharge is passing through them; and I JL-N 

when this happens, the current diminishes | 

and with it the intensity of X-rays as well. 

On the other hand the high tension equip¬ 
ment tends to no-load characteristics and 1 l s 

so the voltage rises to some extent. The 

rise of voltage means the production of §2 V/K J\\ IV A/ 

X-rays of greater penetrating power, and 1 jjljB I I 

much less intensity. For these reasons \ jfH|) / 

unless the gas pressure is under control, l) c u - "M 

it is difficult to get X-rays of uniform | I 

quality from this type of tubes. There J 

are several devices by which the gas 

pressure is adjusted, but still this type || 

of tubes is far from satisfactory. Below JL -t 

we give the diagram of a demountable 

type of ion X-ray tube which is widely [If/ \ 

used in laboratories (Fig. 50). 

This tube was designed by A. // 11 

Hadding* in 1920. C is the cathode K,l/ 

and it has been screwed on to copper 

. . t> v i , , , Fig. 50. The Hiding tube. 

tube B with its lower end closed. 

This copper tube has another narrow tube N passing through it 
coaxially. K 5 and Kg are inlet and outlet pipes and water is allowed 
to flow through them so as to cool the cathode. In these tubes there is a 
further disadvantage that they are not self-rectifying, and so the positive 
ions present inside the tube give rise to an inverse current which heats up 
the cathode. The cathode system is passed through a massive porcelain 
insulator P. This, rests upon the metal body of the tube M. The space S 


Hadding, Zs. f. Phys., 3, 369,1920. 
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is filled with picein or sealing-wax to make the apparatus vacuum tight. 
The metal body has an aperture R in its lower part just opposite to the 
cathode, and a metallic tube D is soldered to it so as to make a vacuum- 
tight joint. The lower end of this tube is ground conically so as to fit the 
anticathode A. The grinding must be perfect so that with a slight amount 
of Ramsay-vacuum grease, the joint is capable of maintaining very high 
vacuum. The target is fixed at T, and Ki, K 2 we the pipes for leading 
water to cool the anti-cathode. The body of the tube is also water-cooled 
by means of concentric jackets, because it also gets heated due to the 
bombardment by stray cathode rays, and tends to emit vapour. The plane 
of the target makes an angle of 45° with the direction of the cathode rays. 
The tube D has three holes, one of which can he seen at h\ in the figure. 
The holes are just in front of the centre of the target T and they act like 



Fig. 51. The needle valve. 


windows through which 
X-rays come out. They 
are covered with thin 
aluminium foils ('01 
mm.) so that the X-rays 
are not much absorbed 
while coming out from 
the target. The three 
windows can be utilised 
at the same time. The 
aluminium foil is press¬ 
ed by rubber packing 
and two screws, so that 


the vacuum is maintained. There is one side tube I which is connected 


to the pump, and the needle-valve V is attached to the side tube. By means 
of the needle valve the vacuum inside the tube can be adjusted to the required 
amount. It is shown diagrammatically in Fig. 51. It has a very narrow 
aperture closed by a needle, and this latter forms the lower end of a fine 
screw w r orking in the body of the valve. When this screw is raised or 
lowered, the needle allows small quantities of air to leak in through the 
aperture. The vacuum is thus adjusted. The needle-valve is not a self- 
adjusting instrument. If there is a slight change in the pressure due to 
the evolution of gas from the walls of the tube or from the sealing material, 
the needle valve cannot cope with it It has to be closed, and the high- 
tension current switched off; otherwise the cathode may be damaged by 
reverse current. But the needle-valve, as such, is always at the control of 
the experimenter. 


(2) The Electron-type Tubes.—W. D. Coolidge devised in 1913 a very 
interesting method of getting complete control over the current and 
voltage intensity and penetrating power of X-rays). In this method 



§145 ] 


X-RAY TUBES 


281 


all such erratic factors such as adjusting the gas pressure have been elimi¬ 
nated. The tubes of this pattern have a special kind of cathode which 
contuins a spiral of tungsten wire at its centre. The tube is first evacuated 
completely so that it allows no current to pass through it when the high- 
tension is switched on. The tungsten filament is heated to white-heat 
by passing a current of few amperes through it. It then emits copious 
quantities of electrons. If now high tension be applied, a current of 
electrons begins to flow from the cathode to the auticathodo. The current 
through the X-ray tube depends on the absolute temperature of the tungsten 
filament according to the Richardson formula (vide chapter on Thermionics). 


where i is the eurrent/em. 2 , 
. 2 K k 2 me . 


;/ 1) 4* — thermionic potential. 


f Ihe absolute temperature of the filament is controlled by the heating 
current, so that the M. T. current passing through the tube can be easily 
Heating*Current controlled. Thus we can vary the intensity 

of X-rays without changing their penetrating 
power. If however the vacuum is not perfect, 
the filament rapidly oxidizes and ultimately 
Earth breaks down. Generally the vacuum is 

disturbed by the vapour coming from the 
grease or sealing material between the 
joints. To avoid this Hcvesy and Ott 
dispensed with the grease, and used lead 
or rubber packings between the joints. 



Fig. 52. Siegbahn’s hot cathode nictal tub-. 

Many workers have used thoriated tungsten or oxide coated Pt filaments 
instead of ordinary tungsten wires. These have the advantage that they emit 
copious amounts of electrons at lower temperature and so there is no risk 
of burning the filament. We give below the description of an electron 
type of tube used in spectroscopic experiments by Siegbahn (Fig. 52). 

F, 3fi 
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C is a metal cube bored out in two adjacent faces A and B, and 
ground metal cones are fixed over them. The metal cone A fits into a 
corresponding glass cone attached to a glass tubing F. This tubing has 
another cone at its upper end, and the anticathode piece E is fitted into it. 
The anticathode is similar in design as in the case of ion tubes. In the 
cone B, fits another cone H which has the cathode K soldered to it. The 
cathode piece is almost the same as in the case of ion tubes, the only 
difference being a narrow quartz tube R through which a stout copper 
wire N carrying the current to the filament is inserted. The upper end 
of the wire is sealed with sealing wax at T. The filament G is 
suspended from the lower end of the wire N, and the body of the 
cathode. If a source of potential (say a step-down transformer as shown) 
is connected to the upper end of the copper wire N and the body 
K of the cathode, a current will flow through the filament, and will 
heat it to the required temperature. I is a metal tube surrounding the 
filament, and is used to focus the thermions on the anticathode W. 
The aperture S acts like a window. The tube has another aperture at one 
of its sides, and the pump is connected through it. The strength of the 
insulating material will determine the voltage which can be applied to the 
X-ray tube. For very high voltages (200 to 400 KV), long side tubes of glass 
of special make are used. These tubes are made use of in the radiography 
of metal castings. 

, It has been pointed out that the intensity of X-rays depends upon the 
high-tension current passing through it. The current input of a tube 
solely depends upon the efficiency with which the anticathode is cooled. 
In fact, the energy expended in an X-ray tube is almost all transformed 
into heat, and very little into radiation. This heat will eventually melt the 
anticathode unless it is conducted out rapidly. For works with general 
radiations, it is advantageous to use a metal in the target which has large 
heat conductivity and high melting point. The size of the focal spot of 
the target has much to do with the input limit. Muller* has given the 
relation connecting the maximum power input W ma x, the melting point T m 
and the conductivity k of the anticathode as 

w max = 15 8. 5 -~ 

where $ is a function of the dimensions of anticathode, 8 =»the area of the 
focal spot, and =the temperature of the flowing water. 

For very soft X-rays (5 to 100 A) the electron type of tube is very 
suitable. But there is one objection, namely, the tungsten vaporises from 
the filament and deposits upon the target. From the spectroscopic point of 

♦Muller, Proc. Roy . Soc. A 117, 30, 1927; Proo % Roy . Soc. A ., 125, 507. 
1929. For avoiding melting, rotating targets are used. See Muller, loo. cit. 
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view, this is a disadvantage, for the tungsten lines also appear in the 
spectrum. This can be avoided by interposing a thin cellophane foil 
between the cathode and the anticathode. In this way, tungsten vapour is 
prevented from settling on the anticathode. But then the electrons lose a 
part of their velocity in passing through the foil. This can be compensated 
for by using a little more tension. 

146. X-ray Tubes designed for Chemical Analysis. —It 

is well known that X-rays have proved to be extremely useful to the 
chemical analyst. If an alloy containing several substances be put 
on the anti-cathode of an X-ray tube, the relative intensity of the 
X-ray lines from this will tell the analyst the proportion of the 
ingredients in the alloy. The discovery of new elements like Haf¬ 
nium*, and Rhenium were made with the help of X-ray spectroscopy. 
The powder or the mineral to be investigated can be easily pressed 
into the grooves in a brass or copper anti-cathode which can be placed 
in any of the X-ray tubes described before. Labyf and others claim 
that an ingredient existing even in so small a proportion as one in 10 5 
can be detected with certainty by this method. As in the usual form of 
X-ray tubes the sample to be analysed is subjected to bombardment by 
cathode rays, it either evaporates or gets dislodged from the antica¬ 
thode. To prevent this, a new type of tube is used in which the sample 
is irradiated by X-rays of sufficient hardness to excite its characteris¬ 
tic fluorescent rays, and the latter can be 
spectroscopically studied. This method is 
better suited for analysis work than the 
other, for it gives more correct ratio of the 
quantity of the ingredients. The only dis¬ 
advantage is that longer exposures have 
to be given, for the fluorescent rays are 
much weaker than the primary rays. In 
order to get a strong beam of fluorescent 
rays the X-ray tube has been modified by 
CosterJ and IIevesy§. The cathode and the 
anti-cathode of the Coster's tube are shown 
in Pig. 53. In this the focussing cylinder 
of the hot-cathode C is made of the shape shown in the figure. 

* For an account of the discovery of Hafnium and Rhenium, see 
Hevesy, Chemical Analysis by X-rays, Chap. XI, p. 182, 

+ Laby, Turner and Eddy, Proc. Roy. Soc. A, 127, 20, 1930. 

t Coster, Zs. f. Phys., 40, 756, 1927. 

§ Ilevesy, loc . dt. 
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The sample to be examined is placed at F on the cylinder C. The 
primary X-rays are produced in the anti-cathode A and fall on the sample. 
The window S of the tube is so placed that primary rays cannot pass 
out of it, while fluorescent rays can easily emerge out. The sample is 
placed at F because it is necessary to give to it a negative potential, 
otherwise the X-rays produced from it will be largely (about 86%) due 
to the scattered electrons from the anti-cathode. Tt. is clear that the 
secondary radiator must be placed inside the X-ray tube, otherwise the 
intensity of fluorescent radiation will be very much reduced. 

147. High Tension Arrangements. —Formerly induction coils 
run by interrupted direct currents were used to excite X-ray tubes. But at 
the present time high tension transformers with rectifying accessories have 
replaced them. Still it is useful to say a few words about the induction 
coils. The induction coils have straight cores made of silicon steel having 
high permeability and specific resistance, and at the same time low hys¬ 
teresis. The primary coils of thick copper wire are wound round the core. 
The primary coil and the core are enclosed in a thick mieanite cylinder. 
The secondary coils are wound and slid over the mieanite cylinder which 
serves the purpose of insulating the primary from the secondary. When 
an interrupted direct current passes through the primary, very high voltage 
is developed at the terminals of the secondary. 

The motor-mercury-interrupters are the most well-known. This is shown 
in Fig. 54. Two rotating jets of mercury J, J are allowed to fall on metal 
sectors A, A, A, A placed in the form of arcs of the same circle but separa¬ 
ted from each other. The jets are always in one line and so make electri¬ 
cal connections between the sectors placed diametrically opposite when 
the jets fall upon them. The jets come out from two narrow tubes, dipping 
in a trough of mercury. These tubes are fixed in a wooden conical block 
which in turn is coupled to the shaft of an electric motor. The jets and 
the sectors are enclosed in a metal chamber the bottom of which forms the 
mercury trough referred to above. This chamber is filled with coal gas to 

prevent arcing at the time 
of break. A condenser C 
is placed across the inter¬ 
rupter as shown in the 
diagram (Fig. 54). The 
capacity of this condenser, 
the speed of interruption 
and the inductances of the 
primary are so arranged 
that the secondary voltage 
at the time of make is far less than that at the time of break. And as the 



/TTTl 

A Primary 


j— 

kH-Y 




110 D.C. 


-WVVWW- 


r 


!•%. W. The high tension induction coil. 
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voltages at make and break are opposite each other, the induction coils give 
more or less unidirectional current. But the reverse current cannot be 
totally eliminated unless a rectifier is used. With the ion-type of tubes, in¬ 
duction coils with rectifier give quite satisfactory results. If no rectifier is 
used the cathode gets heated and in course of time gets pitted with deep holes. 
Kven the rectifier need not be a very efficient one, for the reverse current 
which we have to suppress is very feeble compared to the direct current. 
The rectifiers generally used are known as valve rectifiers , and their 
rectifying property is due to assymnietric electrodes in an electric bulb con¬ 
taining low vacuum. 

The interrupters are always the source of trouble as they are not suit¬ 
able for continuous work. The magnetic circuit of an induction coil is 
not closed, and so it is not so efficient. It is no wonder that at present 
they have been replaced almost completely by transformer outfits. 

148. High Tension Transformers. —The transformers are simi¬ 
lar in construction to the. induction coil. But the core is closed, and the 
whole apparatus is kept, immersed in oil for insulation as well as for cooling. 

The transformer is fed with alternating current and consequently the 
secondary also produces alternating current at high voltage. The rectifica¬ 
tion must he very efficient in this case. A Coolidge tube (hot-cathode or 
electron type) is self-rectifying. But still it is better to rectify the current 
before it pusses through an X-ray tube, for otherwise half of each cycle will 
be lost. The rectification is managed in two ways:— 

(1) Mechanically, (2) By Kcnotrons. 

In the first case (Fig. 55), a synchronous motor running at the same 
frequency as that of the primary alternating current, has a large disc M made 
of insulating materials like fibre 
or micanite fixed to its spindle P. 

This disc has two metallic sectors 
Si and S 2 attached to the rim 
diametrically opposite to each 
other. A, B, C, D are four 
metallic knobs placed in the posi¬ 
tion shown in the figure. 

In this position A and B, 

C and D are connected by the 
metallic sectors, so that the 
electron-current flows in the direction of the arrow from A to B, then 
through the. X-ray tube to D and finally returns through 0. Half a 
cycle later B and C, A and D will be connected, but by that time the 
current also has reversed, for the synchronous motor always keeps in phase 
with alternations of the supply current. The result is that the current 



Mg. 55. The mechanical rectifier. 
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through the X-ray tube is in the same direction. (Note that the sectors do 
not actually touch the knobs. They pass close to them, and on account of high 
voltage the current sparks over.) It is easy to follow that the synchronous 
motor is not necessary when the A. C. generator is within easy reach of the 
high-tension plant; for the insulating disc can be mounted on the shaft of 
the generator itself. The synchronous motor rectifiers are not convenient 
to work with, for the rotating parts undergo wear and tear very quickly. 

(1) The Kenotron Rectifier .—Kenotron rectifiers are just like electron 
X-ray tubes. They have a heated tungsten filament as cathode, and a massive 
metal cylinder as anode. The bulb is evacuated completely so that no 
high-tension current can pass through them unless the filament is heated. 
The focussing device used in electron X-ray tubes is absent in kenotrons, 
for otherwise X-rays would also be produced in them. The filament is 
heated strongly and the fall of potential across the kenotron is small, 
and very soft X-rays are produced which cannot come out of the glasswalls. 

For good rectification one, two, four or six of them can be used together. 
In the last case three transformers having the same output are fed with 
three-phase alternating current. The rectified current does not consist of 
pulses, but is very uniform. 

Below is given (Fig. 56) a four-kenotron rectifier circuit (Graetz* 
circuit). The four kenotrons A, B, C, D are placed in the four arms of a 

wheatstone net whose diagonals are 
occupied by the secondary windings 
of the transformer, and the X-ray 
tube. 

The position of the filaments of 
the kenotrons with respect to the 
high tension transformer must be 
carefully noted. x 

In the kenotron A, p is the 
plate which must be positive and 
f the filament must be negative, if the current is to pass. The plates 
of A and B are connected together, while the filaments of C and D 
are connected together. Also the filaments of A and B are connected 
to the plates of D and C respectively. The filament of the X-ray tube 
is joined to the plates of A and B, while the anticathode to the filaments 
of C and D. It is easily seen that by this arrangement only the two 
kenotrons on one pair of the opposite arms of the bridge become 
effective at a time, and the current through the X-ray tube is rectified 
always in the same direction. 



* For these see Handbuch der Experimental-physik , Kirchner, 24, (1), 74. 
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The heating current for the kenotrons are obtained from four 
step-down insulated transformers. The arrows mark the direction 
of the flow of electrons. 

The pulsations of current plotted against time will take the 
form shown in Fig. 57. The current is unidirectional but not 
steady. In order to smooth out these 
pulses, condensers are joined in 
parallel with the X-ray tube. These 
condensers are capable of withstand¬ 
ing high voltage. At the time of the 
gaps between the pulses, the charge 

_ . 1 Fig. 57. The cycle after rectification. 

stored m the condensers supplies the 

current to the X-ray tube. As a result the pulsations are smoothed 
out to some extent as shown by the thick lines in the figure. 

But still the voltage applied to the X-ray tube cannot be taken 
to be constant. In the experiments on the excitation voltages of 
X-ray lines, and determination of the Duane and Hunt limit, batteries 
of several thousand cells have to be used for obtaining very steady 
voltages. We shall describe later another high-tension circuit used in 
many laboratories at present. 



149. Continuous X-rays—The Pulse Theory. —Soon after 
the discovery of X-rays, Stokes* and Wiechertf put forward a 
theory of the production of X-rays. They said that as the rapidly 
moving cathode particles are suddenly brought to rest in the metallic 
traget of the anticathode, the energy of the particles is partially 
converted into an electromagnetic pulse travelling in space. The 
phenomenon is thus exactly the same as the emission of radiation 
by accelerated electrons in accordance with Hertz's theory. The 
intensity Iq of this pulse in a direction making an angle 0 with 
the direction of cathode rays is given by the formula (see § 113, 


eqn. (la) ). 


Ie 


e 2 a 2 sin 2 0 
4*rV 


(41) 


where a~-dv/dt the retardation, and other symbols have usual 
meanings. This expression shows that the intensity 1$ will be 
maximum in a direction 0=jt/2, and minimum in a direction 0=»O 


* G. Stokes, Proc. Manchester. Lit and Phil. Soc ., 1898. 
t E. Wiechert, Sitx. her . d. Phys . Oes. y 1894 (Kfinigsberg). 
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or jt. The Stokes-Wiechcrt theory enables us to get a general 
idea of the space distribution of intensity of continuous X-rays. 

Further the pulse should be completely plane polarised, for 
the electric vector of the pulse is in the direction of motion of 
the cathode rays. The polarisation of general X-rays was ex¬ 
perimentally studied by Barkla (vide §156) and the phenomenon was 
actually observed. It is however found that the X-rays are only 
partially polarised in the plane defined by the line of motion of 
cathode rays and the direction of the emitted rays. This can be 
ascribed to the fact that as the cathode rays enter the target, 
some of them are deflected from their original path and the direction 
of acceleration changes, and this gives rise to radiation in which 
the electric vectors lie in different directions. 

Before the discovery of the crystal method of X-ray spectro¬ 
scopy, the chief methods of studying the continuous X-rays were 
their distribution in space (§ 152), their polarisation (§ 156) and the 
efficiency of their production (§ 151). The experimental results 
obtained were in general agreement with the pulse theory of 
generation of X-rays. But the original theory had to be modified in 
order to take into account certain discrepancies discovered when accu¬ 
rate methods of spectroscopy were introduced. Thus the pulse theory 
failed completely to explain certain features of the intensity distribu¬ 
tion of the continuous spectrum for different wavelengths. According 
to Stokes* theory the electro-magnetic pulse should contain all wave¬ 
lengths from X=0 to X=°° and hence can be resolved into conti¬ 
nuous spectrum. The harder radiations are produced when the 
cathode particles just enter the target, and as the velocity is more 
and more reduced by gradual penetrations into the target, the softer 
components of the spectrum are emitted. Duane and Hunt* studied 
the distribution of intensity in various parts of the continuous spect¬ 
rum by the then newly discovered method of crystal spectroscopy. 
They showed that the continuous spectrum did not extend from X=0 
to X=°°, but that it had a sharp limit on the short wavelength side, 
and on the long wavelength side extended indefinitely, though the 
intensity diminished very rapidly. In Fig. 60 the intensity variation 
of the continuous spectrum of some of the targets are illustrated. 

Further they discovered the striking fact that the fre¬ 
quency Vmax corresponding to the short wave limit Xmin was related 


* Duane and Hunt, Phys, Rev,, 6, 166, 1915, 
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to the impressed voltage V across the tube by the quantum 

relation 

^Vniftjc ~ Vg .(42) 

where e=charge on the electron, and A=Planck’s constant. Hence 

.( 43 ) 

No interpretation of this remarkable observation could be supplied 
by the Stokes-'Wiechert theory. On the other hand the effect be¬ 
comes exceptionally clear on the quantum view of radiation. For 
a cathode particle falling through an electric potential V cannot 
acquire an energy greater than eV, and when it is suddenly stopped 
the whole of its energy may be converted to radiation which explains 
the result. 

As the nature of the retardation of cathode particles was not 
known, the structure* of the pulse was a matter of guess. In fact it was 
likened to noise produced by a hail of bullets striking a tin-shed, 
which contains all pitches of sounds without any regularity. Many* 
attempts were made to analyse certain assumed forms of the 
pulse into its Fourier components so that the intensity distri¬ 
bution in the spectrum might agree with the experimental results. 
Though some agreement was obtained with the experimental curve, 
the sharp stoppage at the short wavelength limit was unintelligible till 
explanation was forthcoming from the quantum theory as mentioned 
above. The fact that X-rays show the phenomena of interference 
and of diffraction by crystals point out that they must consist of long 
trains of waves. On the other hand the pulse assumed in Stokes 9 
theory are finite and irregular. In order to reconcile these facts, 
Kramers') - gave a theory of the continuous X-rays based on a com¬ 
bination of classical and quantum theory. 

150* Duane and Hunt’s Experiments* —The above rela¬ 
tion (43) was subjected to an accurate experimental test by Duane 
and Hunt. Their arrangement is illustrated in the diagram (Fig. 59) 
below. The radiation from the target T falls through the slits S, 
S on the crystal C. The diffracted rays are received in the ionisation 
chamber I. The wavelength of diffracted ray is given by the Bragg 
law X=2 d sin 6 . 

15 E. H. Kennard, Pliys. Zeits ., 24, 372, 1923; see also Compton’s 
X-rays , Chap. II. 

H. A. Kramers, Phil. May., 46, 869, 1923. 

F, 37 
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The gla. no.inp ; angle is slowly increased from 0, while the 
ionisation chamber is rotated through twice the angle. As there 



i 

Fig. 59. Dtiam* * * § »ml Hunt's apparatus for studying ZZ 
continuous X-rays. T 

is no wavelength between 0 and Xmin, for the corresponding glancing 
angles the electrometer showed no current. But as soon as 
0=sin“ 1 (A.min /2d) is reached, the electrometer indicates a current. 
Xmin is calculated from this value of 0 in Bragg’s equation. 

Duane and Hunt used 20000 small storage cells, so that the 
potential across the tube could be accurately varied by small 
amounts. The potential V was very accurately measured by an 
electrostatic voltmeter. 

This method enabled them to make an accurate determination of 
the Planck’s constant h. If V be the applied potential in volts, the 
relation (43) can be written as 


V Xmin 
300 c 


(44) 


Since V and Amin was accurately determined, h could be calculated. 
Thus using F=40 KV for tungsten anticathode, \ m \n was obtained as 
0*310 A.U. (from a calcite crystal). This gives //=6*58X10“ 27 erg. sec. 
Duane aud Hunt used different potentials between 25 to 40 KV and 
obtained a mean value of 6*50X10’ 27 erg. sec. The experi¬ 
ment was repeated by Webster*, Ulreyf, Muller+, Blake and 
Duane§, and WagnerII, and they obtained very consistent values of h. 


* Webster, Phys. Rev., 18, 155, 1921. 

f Ulrey, Phys. Rev ., 11, 401, 1918. 

i Muller, Phys . Zeits , 19, 489, 1918. 

§ Blake and Duane, Phys. Rev 10, 624, 1917. 
Wagner, Ann . d . Phys. t 57, 401, 1918. 
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151. Distribution of Energy in the Spectrum. —The 

study of distribution of energy in the continuous spectrum has 
been made by many workers {toe. ciL). The apparatus used is similar 
to Duane and Hunt's* arrangement shown in the preceding 
section. The curves obtained by plotting the intensity at different 
wavelengths against wavelengths for a constant potential are 
known as isotherms. On the other hand when the intensity 
of one particular wavelength was plotted against potential across 
the tube as abscissa, the resulting curve was denoted by the term 
isochromat. 

It was also found that the intensity of a particular wave¬ 
length for the same potential 
varied directly as the atomic 
number of the material of the 
target used in the X-ray tube. 

In the curves reproduced 
below (Fig. GO), we have 
the isotherms for different 
targets Pt, Sn, Ag, Cu, Co, A1 
for the same potential 10470 
volts. The intensity of any 
wavelength is maximum for 
platinum and minimum for 
aluminium, but one thing is 
notable, that the short-wave 
limit is independent of the 
material of the target and 
depends only on the potential 
of the tube. 

This is shown by the 
fact that all curves meet at 
one point on the wavelength 
axis. 

From a detailed study of these curves, Kulenkampfff came to 
the conclusion that the intensity I v for the frequency region between 
v and v+rfv can be denoted by the formula 

/ = C{Z{y«-v)+bZ*} .(45) 



* Duane and Hunt, loc. eit. 
f Kulenkampff, Ann . d. Phys ., 69, 548,1922. 






202 


RuNTGBN HAYS 


l VI 


where h is a very small constant *, ^ is the atomic number of the 
material of the target, C is a constant, and v 0 is the maximum fre¬ 
quency limit. Now A.=c/v or - c/v 2 .dv. 1 lence 



This equation when plotted with / as ordinate and X as abscissa 
represents in general the curve known as the Isothermal Carve or 
simply the Isotherm. Again 

K =c { z {t~ v ) +1,z2 \ . (47) 

So that the intensity for a frequency v, increases linearly with the 
potential across the tube. The straight line represented by the eqn. (47) 
taking I as ordinate and V as abscissa is known as the Isoehromatic 
Carve. Differentiating (46) for finding the wavelength for maximum 
intensity, we get 

dl X min + X 0**1 
and putting dlJdX —0 for the maximum intensity, we get 


or 


3 

X 


2 

X„ 


+ —-Z 

c 


X 

max 



X 

m in 


1 +-Z.X . 

C nun 


(48) 


where X^ is that wavelength for which the intensity is a maximum. 

In equation (48), b is a very small quantity. Hence we have 
approximately 

X = IX 

max min 

That is, for a fixed voltage, the wavelength of maximum intensity 
is | times the short wave limit for all targets. This conclusion is of 
great practical importance in selecting the voltage to be applied across 


* Strictly speaking b is not a constant, but a function of v. It has 
been found experimentally that it can be represented by the relation 

b oc v 0 

which shows that at v=v ? , b=*Q ; but when v is much below v 0 , b is nearly a 
constant. See W. W. Nicholas, bur. Stand. Joum. lies., 5 , 843, 1930, 
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the tube to study any part of the spectrum. If the voltage be so 
chosen that rV = i). rh/X, then the wavelength X would correspond to 
that of the maximum intensity of the spectrum. 

The results discussed above are true only for thick targets. 
The difference between the thin targets and thick targets must be 
clearly understood. In case of the thick targets the cathode rays 
get easily deflected and their velocity is reduced, and so the intensity 
of the softer components of the spectrum is cut down. KulenkampflPs 
above experiments were done with thick targets. In the case of 
thin targets these disturbing effects are not present. Webster* and 
Nicholasf found that the intensity of continuous radiations from thin 
foils of A1 and An (*082(>p) were distributed almost equally in various 
wavelengths, and also the discontinuity at X was definite, ix., not 

mitt 

preceded by gradual fall as in Fig. (>0. 

Efficiency of X-ray Production (Confinnans ).—The efficiency of 
X-ray production may be defined as the ratio of the total intensify 
of X-rays produced to the power supplied to the tube. We have 

1 J 2/i 

6 K " Vi ziwC 

where / — total intensity, V - voltage, / = current through the 
tube, 1 1 the intensity produced by the stoppage of a single electron, 
and 2 mv 2 is the kinetic energy of the electron. 

The efficiency of X-ray production is extremely small, most of 
the energy being converted to heat. The quantity was experimentally 
determined by Beatty and others by measuring the total intensity 7 by 
an ionisation method. They found that only a small part of the energy, 
about 1 part in 10 1 is converted to X-rays. Later, calorimetric 
methods were introduced by Wien, Rump and others. The beam of 
X-rays was allowed to fall on a block of lead which was thick 
enough to absorb all the X-rays. The total heat produced, which is 
equivalent to the energy of the X-rays, was then obtained from 
measurement of the rise of temperature in the lead block. The result 
of these experiments can be expressed as follows 

e = a v. z. 

where V = potential in KV's, and Z is the atomic number of the 

* Webster and others, Proc. Nat . Acad. Sci ., 14, 679, 1928. 

+ Nicholas, Bureau of Stand. Jour . Res., 2, 837, 1929. 

See Rurnp, Zs. f\ Phys , 43,278, 1927; also Kirchner, H.d.Exp . 
Physik , 24/1, 101—114, where all references would be found. 
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anticathode material. C is a constant of the order of 10 ’. The 
formula was tested by Rump up to 150 KV^s. It is found that the 
efficiency is directly proportional to- the atomic number, so that 
heavy elements give more continuous radiation than light elements. 


152. Space-Distribution of Continuous X-rays. —According 
to the pulse theory, the direction of maximum emission of continuous 
X-rays lies at right angles to the direction of motion of the cathode 
rays, and that of the minimum in the direction of motion. It was 
shown by Sommerfeld that as the cathode rays are moving with 
a velocity comparable to that of light the Stokes equation should be 
replaced by the equation 


r 


a 2 e 2 


sin 2 0 


& 4jt r 2 c* (1 — fJ cos0)' 5 


(49) 


where $ — vjc. The new factor in the denominator was obtained by 
the introduction of relativity correction.* Further in the case of 
thick targets, the velocity of the cathode rays range from /Wx to 0, 
and so the intensity is to be summed up for all these values of v. 
If the total intensity be S, then we have 


-f 


/ (It 


_ 4W _ 

l(mr 2 c 


sin 0 
cos 0 


(1 — (3 cos#) 1 I 


(50) 


Here t is the time taken by the cathode.ray to form the pulse. One 
direct conclusion from 'the modified distribution formula (50) is 
that the intensity distribution depends both upon 0 as well as (3. In 
fact it can be shownf that according to this relation when (3 is very 
small, the intensity maximum corresponds to 0—jt/2, but as (5 
increases from 0*1 to 1, the maximum shifts progressively from 
jc/ 2 to almost to 0—0. The minimum of intensity corresponds 
to 0^=0 for all values of (3. 

The above conclusions have been experimentally verified by the 
works of Shirk and Lobet- Their results were in general agreement 
with the theory, but the intensity maxima obtained were not found to 
be very pronounced. It was pointed out by Sommerfeld that the 
experimental results on space-distribution may be vitiated by various 
disturbing factors. Firstly the finite thickness of the target modifies the 


* For a proof of this relation see Sommerfeld, Atomic Structure and 
Spectral Lines (1923), p. 33, 533. 

f A. Sommerfeld, Phys. Zeits -, 10, 969, 1909. 
i W. L6be, Ann . d. Phys., 44, 1033, 1914. 
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distribution considerably in several ways. For example, in the above 
calculations, it is assumed that the path of the cathode ray is 
rectilinear inside the target; but in practice this is far from truth. It 
is well-known that a part of the cathode rays are completely deflected 
in random directions from their original path and they strike the walls 
of the tube giving rise to the brilliant fluorescence observed on the 
sides of the X-ray tubes. Then again as the X-rays come out from 
various depths of the target, they are absorbed. This absorption is 
different in different directions according to the thickness of the 
target traversed by the rays. Further the characteristic radiation of 
the anticathodc presents another difficulty, as they are emitted in all 
directions with equal intensity. To avoid these difficulties, Stark* 
and Lobe made use of anticathodes of carbon blocks, for which the 
absorption of X-rays is very small and the characteristic radiations 
emitted are also too soft to be detected. Stark observed that the 
absorption coefficient of X-rays for A1 was less in the forward 
direction than in the backward. This means that for small values of 
0, the proportion of harder rays in the continuous beam was greater 
than that for the larger angles. This was ascribed to the Doppler 
effect of the radiating electrons, on account of which the proportion 
of hard rays will be different in different directions of observation, 
increasing uniformly between 0=jt to 0—0. 

Thus on the whole these results supported the pulse theory. But 
fresh objections were raised from other quarters. Wagnerf studied 
the distribution of intensity in various wavelengths in the continuous 
spectrum for the same direction (0=90°) of observation and obtained 
a (S x , A.) distribution curve. Repeating the experiment for another 

angle (0=150°), he found that the two (S x , X) curves converged 

precisely to the same maximum frequency limit. It meant that 
the emission of maximum frequency was not affected by the Doppler 
effect, though the velocity of the emitting electrons must have been 
greatest in this case. This result was very tantalising and led to a great 
deal of controversy regarding the constitution of the electron itself. 

153. Kulenkampff’s Experiment. —In order to make a 
thorough test of these anomalies, Kulenkampff$ set up the following 

* Stark, Phys. Zeits ., 10, 902, 1909. 

f Wagner, Phys. Zeits., 21, 621, 1920. 

$ Kulenkampfl, Ann. d. Phys., 87, 597, 192& 
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apparatus (Fig. 61) for an accurate investigation on the space distri¬ 
bution of continuous radiations. He used a thin target of low atomic 
weight, so that the disturbing effects mentioned above are minimised. 



A thin metal target F of A1 (0*6 p in thickness) is placed in the centre 
of the brass cylinder G. R is a metal X-ray tube whose cathode W is just 
seen in front of the slit system Bi and B 2 . The hot-cathode W has been 
inserted from above and insulated from R by means of a glass tube (not 
shown). The potential is applied between W the cathode and A the 
anode. The foil F is also connected electrically with A. The cathode 
rays are limited by the slits Bi and B 2 and fall on the foil F. The emitted 
X-rays are allowed to pass out through a slit 7 mm. in width cut in the side 
of the brass cylinder G and covered with a thin aluminium foil. The 
X-rays are received in the ionisation chamber after being limited by a 
slit S. M 2 and M 3 are two milliamperemeters to measure the high tension 
current. The cathode ray beam was controlled so that only a fraction of 
a milliampere was allowed to flow between A and F, because a larger 
current density might rupture the foil. The ionisation chamber could be 
rotated about F as centre so that the intensity distribution in various 
directions could be studied. As shown in Fig. 61, the range of angles 
extended between 22° and 135°. The different wavelengths whose distribu¬ 
tion in space was studied in the continuous spectrum were separated by 
means of suitable filters (vide Chapter XI). 
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The results of investigation are illustrated by the three curves 
1, 2, 3 in Fig. (>2. Each of the curves shows the distribution of 
intensity (represented by radius vectors) with angle 0 for the same 
voltage 31 KV* across the X-ray tube. The three curves 1, 2, 3 
correspond to three separate wavelengths 0*43 A. 1 1 ., 0*53 A.U. and 



Fipr. 02. Npa»’c* distribution of continuous X-rays ( KuUnkompff ). 


0*73 A.U. respectively. Tn the case of the curve (l)the filter was 
an aluminium sheet 8 mm. in thickness, while for (2) and (3) thin 
sheets of Ag and Zr were used. The curves show maxima at 55°, 52° 
and 48° respectively. Thus it is to be noticed that the position of 
intensity maximum shifts towards larger angles as the radiation 
increases in hardness. These results with thin target are at variance 
with those of Stark and Lobe’s experiments with thick targets of C. 
The Doppler effect cannot be the cause of this variation. Sommer- 
feld explained these results with the aid of wave-mechanics. 

Sommer fold regarded the incident cathode ray beam as an electron 
wave falling on the atomic nuclei and getting modified by scattering. An 
emergent electron may thus be regarded as a wave having an energy 
smaller than that associated with it before incidence. If the electron be 
in this way slowed down from a velocity V\ to a velocity v 2 , the difference 
in energy will be given out as a radiation of frequency v, which according 
to De Broglie’s fundamental assumption is given by 

v ~fi .(M> 

Sommerfeld suggested that in eqn. (49) v is to be replaced by the mean 
velocity (v\+v 2 )/2. Then we should obtain the correct position of the 

♦This corresponds to the short wave limit 0’39 A. U. 

F. 38 
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intensity maximum for any wavelength in the spatial distribution. This is 
done as follows. 

Differentiating eqn. (50) and putting dS/dh^ 0, we get 

(i- 2 /^^P ( 009 e ~ P cos2<9 “ 3 p sin ^ } = 0 

The value of 0 satisfying this equation corresponds to the maximum of 
intensity. Let this be 0 max . Putting cos 0 raa ,=a;, we have 

2(3a? 2 4-fic—3(3 =0 

w * = if{s / T +!w - 1 } . («®) 

For (3=0, we get from this equation Oma*—ft /2 as in the classical case. 
Now let V\ be the potential corresponding to the incident velocity V\ 
of the electron, and V 2 the potential corresponding to its emergent 
velocity v 2 . Then 

\mvi 2 *=cVi and \mv 2 2 ==cF 2 

and p-^i SH+yT* .(53) 

Also from (51) hv =r (1^ - V 2 ) and hy max =r}\ 

Hence ^5= IlzXx 

X V i 

1 - .(54) 

In KulenkampfF’s experiment KV., A.U., and X = 

0*43, 0*53 and 073 A.U. The value of V 2 corresponding to any of the 
three values of X can be calculated from (54), and substituting this value 
of V 2 in (53) we get the corresponding (3. If in eqn. (52) we now use 
the above calculated value of (3, we at once get cos 0 max , and hence 0 m ax 
the angle corresponding to the intensity 'maximum. The result of this 
computation is shown below. 

Calculated 0 max ... ... 56 6° 53*1° 50*2° 

Observed 0 ma j ... ... 55° 52° 48° 

The agreement between the calculated and the observed values is quite 
satisfactory. 


Therefore 


■ r '( 


Section III 

154. Optics of X-rays. —Throughout the whole of the first 
decade after the discovery of X-rays, a controversy centred around 
the question whether the newly discovered rays were corpuscular or 
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undulatory in nature. We have already described how Barkla* 
.showed in 1905 that the X-rays scattered from graphite were 
polarised, but it was not before 1912 that all controversies were finally 
set at rest by the discovery of Lane of the diffraction of X-rays 
through crystals. Since Laue's discovery, all the phenomena which 
come under physical optics have also been observed in the case of 
X-rays. These phenomena are: Scattering, Polarisation, Refraction, 
Total Reflexion, Dispersion and Anomalous Dispersion, Diffractiomon 
passage through three-dimensional gratings (crystal diffraction), 
Diffraction by line gratings, Diffraction by straight edges and slits, and 
Interference phenomenon as in the case of Lloyd and Fresnel's 
mirrors. 

Some of these phenomena have been already mentioned in the 
earlier sections. We shall take up them here in more detail, and 
also treat the other phenomena, r/.., diffraction by slits and interfer¬ 
ences by mirrors in outline. 

155. Space Distribution of Scattered Intensity. —The 

general theory of X-ray scattering has already been given in § 113. 
We shall now consider the nature of distribution of the scattered 
rays in .space. Experiments by Hewlett, Debye and others have 
shown that the simple theory of scattering given by Thomson is 
inadequate in explaining all the results obtained. They proceeded 
on the assumption that deviations from Thomson's formula are mainly 
due to the interference of the rays scattered from different scattering 
centres. The effect can further be distinguished in three ways, viz., 
(1) when the interference is between the rays corning from different 
molecules, (2) when it is between those from different electrons in the 
same atom, and (3) when it is between those from the atoms in the 
same molecule. These cases have already been dealt with for crystals. 

Case (1) was investigated by Hewlett')* and others. He observed 
the intensity of X-rays scattered by liquid mesitylene [C ( ;H 3 (CH 3 ) 3 ] 
for different angles of scattering 6 , and plotted a curve with the 
intensity as ordinates and 0 as abscissae. Hewlett's curve for 
1 07 A.U. (K a of Mo) between 6 = 0 to 180° is shown (in broken 

line) in Fig. 63. According to Thomson's theory, the space distri¬ 
bution of intensity should follow the (1 + cos 2 0)-law. The intensity 


* Barkla, loc 4 cit. 

f Hewlett, Phys. Rev., 20, 688, 1928. 
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calculated according to this law is shown by the full curve in Fig. 63. 
It will be noticed that between 180° and 40° the theory agrees 
well with the results of experiment. But between 
0° and 40° there is a marked departure. The experi¬ 
mental curve shows an intensity peak at 6 = 10° which 
is not predicted by the theory. Barkla and Ayers* had 
also observed that the amorphous substances showed 
an excess scattering in the forward direction, which 
increased markedly when shorter wavelengths were 
used. The intensity peak seems to have an important 
bearing on the structure of the liquids and amorphous 
substancesf. In the case of liquids, the molecules have 
a tendency to form into a crystalline array, but the form¬ 
ation breaks up very soon. On account of this transitory 
nature of the array, the phase 
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mesitylene. 


difference between the scattered 
rays coming from two neighbour¬ 
ing molecules remains constant, 
and they give rise to the 
intensity peak by reinforcement 
The extreme case of the molecular 
crystals where 
We have 


of the rays scattered from them, 
reinforcement of the scattered rays is met with in 
the molecules are arranged according to a regular pattern, 
already described how this had been utilised by Lane in his brilliant 
discovery of the crystal grating. 

Let us now consider the effect of interference of the rays 
scattered by intra-atomic electrons. Striking results have been 
obtained on this subject in the recent investigation of scattering by 
gases and vapours. As in these cases the molecules are free to move 
in perfect chaos, there can be no phase relation between the rays 
scattered by different molecules, and interference can take place 
only between those from electrons in the same atom. Debyet, 
Thomson and others corrected the original Thomson equation of 
scattering by taking into account this interference effect. The 
calculation is complicated and we shall not enter into details of it. 
Debye has shown that in the simple case of a system consisting of 
two electrons lying at a distance r from each other, the Thomson 


* Barkla and Ayers, Phil. Mcuj., 21, 275, 1911. f See §136. 
t Debye, Ann, d, Phys ., 46, 809, 1915. 
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formula should be replaced by 

* - 2 & ( 1 + .... (35) 

] c l 

where & = ——V~i (1 + cos 2 0) . . . (56) 

2 r~ ni rr 

which represents the scattering due to a single electron, and 

4 Jt r . 0 

x - ^ am y 

This leads to an intensity distribution curve in which the intensity 
would rise and fall periodically. But this is not experimentally 
observed. It was suggested by Compton* * * § that in the case of 
scattering by individual atoms, the modified scattering phenomenon 
(Compton effect) will play an important part. From this considera¬ 
tion he obtained the expression 

s= ZS( ’[z +1 ~Z*] . (57) 

oo 

where and /,=-y 

O 

The factor f 2 jZ 2 is due to classical scattering, and l-/ 2 jZ 2 due to 
modified scattering, f is known as the structure factor of the atom, 
and it tells us in what way the Z moving electrons behave, if their 
probability of lying at a distance between /* and r+dr from the 
centre of the atom is a (r). The term a (r) evidently depends upon 
the nature of the electron distribution round the atomic core. This 
distribution has been worked out by Hartree and others from con¬ 
siderations based upon New Quantum Mechanics. Wollanf, Herzogt 
and Barret^ have applied these results to calculate the intensity 
distribution of scattered radiations’by monatomic gases, with the aid 
of eqn. (57), and have obtained results in general agreement with 
experimental observations. 

Finally we come to the case of interference occurring between 
the scattered rays coming from the atoms in the same molecule. In 

* Compton, Phys. Her., 35, 925, 1950. 

t Wollan, Ptnjs. Her., 37, 862, 1931. 

t Herzog, Zs.'f. Phys 69, 207, 1931; 70, 583, 590, 1931. 

§ Barret, Phys. Rev,, 32, 22, 1928. 

For an account of ithese works see Review of Modern Physics 4, 
p. 205, article by E. O- Wollan. 
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recent years Debve* and his co-workers have taken up this kind of 
investigation with polyatomic molecules"!". Their arrangement is very 
simple. A box containing two windows covered by thin A 1-foils is 
filled with the vapour to be investigated. CuKa radiations (l 1*537A.U.) 
are allowed to enter the box through one window, and the scattering 
is observed through another. A photographic film bent’into the form 
of a circle receives the scattered rays. In the typical case of CC1 4 - 
vapour, three intensity peaks were observed at 0=36°, (>5° and 110°. 

According to Van't Hoff and Le Bel the four Cl-atoms in CCI 4 
are arrangedat the corners of a regular tetrahedron, while the O-atom 
is situated at the centre of gravity. Debye assumed the distance 
between any two Cl-atoms to be the same, say /, and calculated the 
intensity distribution of the rays scattered by such a system. He 
obtained the expression 


where 


S = 


1 cos 2 0 


4 

4 jt l 


l s * n - r j 


sin - 


(08) 

(59) 


and contains the Thomson equation as well as the structure factor 
of atoms consisting of 17 electrons. But neglecting the latter we 
can write 

. (bo) 

The expression (58) is thus found to be similar to (55) which was 
obtained by Debye for the ease of scattering by two electrons 
separated by a fixed distance r. In Fig. (>4 the theoretical dis- 



Fig. 64. Dfbye’s scattering curve for CC1,. 


tribution according to (58) is shown graphically in which the scattered 


* Debye, Pror. Phys . Soc., 42, 340, 1930; Phys. Zeits* 21, 419, 1930. 
T ® ee a l so report by F. Kirchner, tfrgebnissp der Exaktm 
Natwwsenscheften ,11, 64, 1932. 
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intensity is plotted along the ordinates and the .r/jc-values as the 
abscissa?. The curve shows intensity maxima at ;r= 5 jt/ 2 , 9 jt /2 and 
13 jc/ 2 approximately. The experimental curve has also been shown 
in the same figure for comparison. 

Taking the first maximum at x*=5ji/ 2, we have from eqn. (60) 


sin 


0 

2 


5 ^ 
8 / 


(61) 


As has been mentioned, the first intensity peak was obtained 
experimentally at 0=36°. Substituting this value of 0 in eqn. (61), we 
get /=3T A.IJ. Similar calculations for the second and the third 
maxima give /~3‘01 A. U. and 2*96 A. I-.(approx.). The three v alues 
of / do not differ much from each other, which shows that the 
intensity law given by eqn. (58) is fairly correct. This result supports 
also in a general way the regular tetrahedral structure of CC1 4 -vapour 
assumed in the theory. 

The scattering due to the C-atom has been neglected in the 
above deductions, as this is much smaller compared to that of 
01-atoms. All other 01 derivatives of methane have also been studied, 
and the results found to agree with the* theory. Debye showed in 
this way that in the case of optically active isomers of dichlorome- 
thane (O 2 H 2 CI 2 ), the distances between two Ol-atoms were different 
for its different isomers. Thus for the eis.-position he found /—3'6 
A. U. and for the trans.-position /=4T A. U. as shown below 


H Cl 

\/ 

0 

II 

0 

/ \ 

H 01 

cis., Z—3’6 A. U. 


H Cl 

"v/ 

c 

II 

c 

/ \ 

/ \ 

Cl H 

trails., /=4'1 A. U. 


by the chemical formulse for the two isomers. 


156. Polarisation of General X-rays. —Although in Thom¬ 
son’s theory (§ 113) of X-ray scattering it has been assumed that the 
primary beam is unpolarised, actually a partial polarisation of the 
primary beam of general X-rays is observed. This was first 
demonstrated by Barkla* from the following experiment (Fig. 65). 


♦ Barkla, Phil. Trans. Roy. Soc. A., 204, 467, 1905. 
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X-rays from the antieathode of an X-ray tube pass through a lead 
slit and fall on a scatterer. The beam scattered at Jt/2 is observed in two 
mutually perpendicular directions (in the plane perpendicular to the direc¬ 
tion of the primary beam) by means of two ionisation chambers shown in 
the figure. Barkla found that the intensity of the scattered beam was 
maximum along the direction perpendicular to the line of motion of the 



cathode rays, and the intensity was minimum along the direction parallel to 
that of the motion of the cathode rays (but though never equal to zero). 
The corresponding position of ionisation chamber have been marked in the 
figure as maximum and minimum respectively. 

Barkla interpreted his results as follows. The line joining the cathode 
and the anticathode shows the direction of motion of the cathode rays. 
Since the rays are stopped in this direction, the resulting electromagnetic 
radiation will have its electric vector along this direction (shown by the 
vertical arrow, in the figure), and will, therefore, be polarised. When it falls 
on the scatterer, the electrons in it are accelerated only along this direction. 
According to Hertz’s theorem, there is no radiation along the direction of 
motion of an accelerated electron, but radiation is maximum in a perpen¬ 
dicular direction. 

These remarks do not however strictly apply to the whole of the 
radiation generated, but a part of it being unpolarised y its electric 
vector lies at random in a plane perpendicular to the direction of 
propagation of the primary beam. The intensity of the scattered 
radiation due to these unpolarised rays will never show fluctuation 
for any definite angle of scattering. 
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If 1 1 and 1 2 be the intensities in the two directions (maximum 
and minimum), the percentage polarisation may be defined as 

p = \~r • ioo 

1\ -r i* 

If / 2 =0, the rays are completely polarised. The experiment 
was repeated by Bassler* who found that the polarisation of the 
general radiation decreases with the voltage across the tube. 


157. Quantitative Estimation of X-ray Polarisation.— 

Barkla's experiments on polarisation described in §156 relate to total 
X-radiation emitted by an anticathode. Many experiments have 
since been performed to find out how the percentage of polarisation 
varies in the different wavelengths of the continuous spectrum. The 
apparatus used by P. A. Rossf in such experiments is described 
below (Fig. 6(>). 



Fig. 66. Ross' apparatus for studying polar’ nation of X-rays. 

X-rays coming from the tungsten target of a tube fall on the scatterer 
which was in this case a block of graphite. The scattered rays are observed 
in a direction at right angles to the direction of the primary beam of X-rays. 
Two foils of Ag and Cd are allowed to come alternately in the path of the 
scattered rays by means of an electromagnetic shutter. After passing 
through the foils the scattered rays limited by slits S 2 , S 4 enter the 
ionisation chamber, and their intensities are measured. Foils of Ag and 
Cd are chosen because these occupy successive positions in the periodic 
table. (See Chap. XI). 


* E. Bassler, Ann. d. Phys., 28, 860, 1909. 

+ Ross, Jour. Opt. Soc . Am 16, 375, 433, 1928, 
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All other frequencies are absorbed by the foils, only the frequency region 
lying between K-limits of Ag and Gd are transmitted. At first the tube is 
so oriented that the cathode rays are perpendicular to the plane of the 
paper, so that the electric vector of X-rays is perpendicular to the plane of 
the paper. Then the X-ray tube is rotated through a right angle and 
placed in the position shown in the figure, so that the observation may be 
taken in a direction parallel to the electric vector. 

By using different pairs of filters, different frequency bands can be 
examined for their state of polarisation. The curve in Pig. 67 shows the 
result of the experiment. The state of polarisation of the wavelength band 
in the continuous spectrum between the K-absorptions of Cd and Ag 

$*4632 and 4850 A.U.) has been plotted against the applied potential. 

A B 



Fig. 67. Percentage polarisation for different wavelengths. 


At the short wave limit (Duane-Hunt limit), the polarisation is com¬ 
plete. As the voltage increases, polarisation for this wavelength diminishes. 
It has been found that the characteristic radiations produced by cathode ray 
bombardment are very feebly polarised irrespective of the voltage applied 
to excite them. The fluorescent rays are not at all polarised (Compton*). 


158. The Refraction of X-rays •—The failure to detect refrac¬ 
tion of X-rays in the early days was a matter of some perplexity 
to the early investigators. Rontgen himself tried to observe the 
refraction of X-rays, but failed. As we now know, the failure 
was due to lack of proper knowledge regarding the value of the 
refractive index in the region of X-rays. Guidance can be obtained 
on this point by extending the usual Sellmeier dispersion formula 
for the X-ray region. According to this formula 


n% 


i+— Yn—\ i — 

Jt m " (v 8 2 -v z ) 


(62) 


* Compton, Phil. Mag., 8, 961, 1929, 
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where v* is a natural frequency of the medium, n* is the 
number of electrons per unit volume of the substance possessing this 
frequency, e and m are charge and mass of the electron. For deduction 
of this formula, see any text-book on Optics, or Compton's 
X-rays, p. 208. 

Now when we are considering X-rays, the characteristic 
frequency v g which is in the optical region, is very small compared 
to v, the frequency of X-radiation, and c^n be neglected. We 
have therefore 



2 7tm 


_ e*N 
v 2 ~ 1 2wnv f 


(63) 


where N is the total number of absorption electrons per unit volume. 
These conditions hold good for substances like glass, rock-salt, etc. for 
which the natural frequencies are much smaller than X-ray frequencies. 

There are two points to be noticed about (63). First p. is <1, 
i.e., the X-ray waves travel with velocity >c within the medium. 
But a velocity is an impossibility. A little reflection however 
shows that really no mistake is being made. For the relativity 
proposition that all velocities should be <c applies to group velocity 
U. This is the velocity with which energy is propagated. 
This is different from the wave-velocity v which in this case is >c. 
We have, in fact, according to a well-known theorem due to Lord 
Rayleigh I 


u - v + v w = c ( 1 ~ 



(04) 


which is less than c. 

The second point is the magnitude of a/v 2 . It can be shown that 
it is a small quantity of the order of 10“ 6 . Let us take glass; and 
find its refractive index for A,=1*279 A. U. Taking 10 2: \ we 
obtain from (63) a/v 2 = 5*2 x 10“°. 

These preliminary ideas show why the early experiments were 
unsuccessful. Since p< 1, we have to set the prism in the position of 
maximum deviation if we want to demonstrate refraction. But under 
the influence of optical analogy, the early experimenters always tried 
the minimum deviation position. 

Refraction is now studied by any of the following methods:— 

(a) Deviation from Bragg's Law; (b) By the prism*, (e) From 
total reflection. Of these (a) is historically older. 


‘ Siegbahn, Larsson and Waller ; Naturwiss, 62 ,1212, 1924 
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{a) DewiaMoti from Braggs * Law . 


It was independently pointed out by Darwin* and Ewald+ that 
Braggs* Law of reflexion was only approximately correct, for when 
X-rays pass into matter, and penetrate one or two atomic layers of 
the crystals, they come under the influence of the internal electric 
field of the electrons composing the crystal; or as we should say 
now the wavelength inside the crystal changes from X to pL For 
these internal rays, the Bragg angle 0=sin" 1 {nX/2d) therefore 
changes, but as the effect is extremely small, it could not be detected 
for a very long time. In 1920, Stenstromt photographed the first 
five order spectrum of Ca (3*083 A. U.) with a crystal of gypsum 

and plotted a curve of log (sin /n) against n, where n and </>„ are 
the orders of reflection, and the correspond¬ 
ing angle of reflexion. Had Braggs* law 
continued to hold, log (sin </>* / n) would have 
been independent of n y and the graph would 
be a straight line parallel to the abscissa-axis 
which represents a. But Stenstrom found 
that the graph was hyperbolic as shown in 
Fig. 68, for the reflexion of of potassium 

a. with gypsum. It can be shown that the 
curve can be represented by a formula of type 


Potassium K/j. 
9239700 rn 

600 -- 



923880G 1 — 1 —I— 1 —i_«_I 

™ 2 3 4 5 6 7 


Fig. OS. 


In 


sin </>„ 


B 


(65) 


n n 

it is further evident that Braggs’ law is only true for high order 
reflexions, and the greatest devi¬ 
ation from it comes in the first 
order reflexion. In other words, 
the wavelength found by Braggs* 
law from first order reflections 
will be slightly greater. 

The calculation of the re¬ 
fractive index from these curves 
can be carried out as follows 
(Stenstrom) with the help of 
Fig. 69 which illustrates the refraction of X-rays by crystal planes. 



Fig. 09. Refraction of X-rays at a crystal plane. 


* Darwin, Phil. Mag., 27, 315 1914. 
t Ewald, Phys. Zeits., 21, 617, 1920. 
i StenstrSm, Dissertation, Lund, 1919. 
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In Fig. 69, K represents the crystal, and AA the section of a cleavage 
plane. Let X and be the wavelength and glancing angle of X-rays in 
air, and X' and the corresponding quantities inside the crystal. We 


have now the following equations: 

nX ; =* 2d sin .(66) 

and [i = cos <£ ;l / cos <£' n » X/X' .(67) 


Out of these equations, we have to eliminate the dashed quantities, and find 
a relation between X and sin <£,,. We have 

>,X' = — « 2d sin 

M* 

- 2d(l-cos 2 <f>f n 

- 2 d[ l - 1 - 8 ^ 2 ^ ] 1 .( 68 ) 

from which after a little work, and remembering that \i is nearly unity, we 
obtain : 

wX=2d sin ff> H f 1 — 7 - ^j — 1.(69) 

L sin 2 <p n J 


The equation can be further simplified by putting sin 2 <£„ within the 
brackets equal to n 2 X 2 /4d 2 , and 1 —p=*8 We then obtain : 


n\=2d sin 


It is easy to verify that 


In 


sin <j> n 


l 1 . 2(12 A. 

ln 2d+ nA X 2 


( 70 ) 


A + £ 


(71) 


whore A = In B ~ 8.(7H 

This explains the curve given in Fig. 68. 

It is obvious from the last equation (71) why Bragg’s equation is 
correct for larger values of n. In order to find 8 for any particular 
wavelength X for a crystal, we find the glancing angles qpj and q) 2 for the 
n\ and n 2 orders of reflexion. Then from the above equations, we have 


n j X ® 2d £ 1 

5 

sin 2 <pi 

] sin cp i 

n 2 X 

2d [ 1 

5 

sin 2 qp 2 

-J sin qpj 

By eliminating X, we 

obtain 





sincpi 

sin(p2 

8- 1 - 

- H - 

n x 

l 

n 2 

1 



n i sincpi 

n 2 sin<p 8 
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In the table below are given the refractive indices of the mica crystal 
for Cu Ka radiation. 

JTable 5. 



Order n 

Glancing 

angle 

8 x 10 +8 

Cu Ka, 

1 

4* 

26' 

27"-2 

874 

1537 X.U. 

2 

8° 

53' 

56"* 1 

944 


3 

13° 

24' 

53 "7 

862 


5 

22' 

44' 

29" *2 

897 


7 

32' 

46' 

0" 

919 


9 

44° 

5' 

35" 

8-94 





Mean 

8 =8-94x10' 6 



f'ijr. 70. Refraction at a cut crystal surface. 


The deviation detected in Bragg’s law amounts to 1 in 10,000, 

and it was very creditable 
to the experimenters that 
they could at all detect 
such a small quantity. In 
the actual experiments, 
great precaution was 
taken to eliminate errors 
due to the temperature 

effect on the grating space of crystals. 

A modification of the above method was suggested by B. 
Davis*, which gave more correct values of refractive index. It is 
briefly described below. 

In Fig. 70, K is a crystal of calcite a part of whose surface has been 
cut at a small angle with the natural surface. A beam of X-rays is 
allowed to fall on this face at a small angle The ray gets refracted as 
it enters, and is then reflected from the atomic planes if the glancing angle 
<p satisfies the Bragg-equation. If 0 t and 0 2 are the angles between the 
incident and refracted rays at the cut surface of the crystal, we have 

cos fli cos 02 


1 - 


(73) 


cos(<£-a) cos(<p-fa). 

where a is the inclination of the cut surface of the crystal to the natural 
face. 

From the above equations cp can be eliminated, and 5 can be calcu¬ 
lated. The errors of measurements are minimised, for the difference between 
and <p can be artificially made large. 


* B. Davis and H. M. Terril, Proc. Nat . Acad . Sc. } 8, 357, 1922. 
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It may amount to 3". In the first method, the difference between 
<p and was small, and so greater accuracy was not possible. 


(b) The Prism Method 

The principle of the prism method is illustrated in Fig. 71 a, b. 




(a) represents the method of finding out the refractive index by 
means of a prism. SO is the incident beam, 0 , S / is the refracted beam. 
We have p=sin £ (A+8)/sin £ A where 8=S'PP / . Instead of using 
the full-prism, we can use the half-prism ABD, so that the beam SO, 
on entering the prism, takes the path OO', and emerges normal to 
the face AD. We have then p=sin i/sin r=sin (£ A+^)/sin £ A 
where A/2=angle of the prism, e=deviation=8/2. 

This principle is utilized for measuring the refractive index 
of X-rays by the prism and is illustrated in (/>). 

Here ABD is the prism, A is the refracting angle, and the face 
AD is perpendicular to the emergent beam. K/RC is a photographic 
plate which receives the rays. SO is the X-ray beam which gets 
totally reflected at O and the reflected beam falls on the screen* at R ; . 
SOC is the direct beam, and OR is the refracted beam. Note that 
the angle of refraction is now larger th .n the angle of incidence. 
We have 

cos (glancing angle SOB) 

^ ~ ' cos(AOR) 


cos a 
cos (a-(i) 


(74) 


where p-ROC-RC/OR=6/r and 2a=R'OC=R'C/OR=a/r. The 
angles a and p are very small, as the photographic plate is 


* The figure is rather exaggerated. In actual practice the distance 
OR is much greater than the size of the prism, 1 
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kept at a large distance of about a meter from the prism. Expand¬ 
ing (74) we obtain 

/ a \ 

(74') 


l-p = 5 = p(a--|-), 


h (a — b) 
2 r 2 


(75) 


159. Total Reflexion of X-rays. —Stenstrom's work on 
deviation from Bragg's law gave the scientific world an idea of the 
order of value of refractive index for X-rays of crystals commonly 
used for X-ray spectroscopy. The value of p was found to be slight¬ 
ly less than unity. From this fact Compton* put forward the view 
in 1922 that the phenomena of total reflexion can be observed in the 
case of X-rays if the glancing angle is made very small. In collabo¬ 
ration with his students he was able to demonstrate the effect 
experimentally within a short time. Their arrangement is illustrated 
in the Fig. 486 on page 276. Instead of a grating (x shown in this 
figure, they substituted a plane glass mirror. When the glancing 
angle was small, the beam of X-rays was totally reflected and record¬ 
ed on the photographic plate P. 

As the refractive index of matter for X-rays is less than unity, 
there will be a maximum glancingt angle beyond which no refraction 
will take place. According to the laws of physical optics we have 

cos p 

where is the critical angle of glancing for total reflection, and p is 
the refractive index. For total reflexion, the glancing angle must 
always be less than the critical angle This phenomenon has been 
utilised to determine the absolute value of wavelength by means of 
ruled gratings (see § 143). 

The above equation reduces to 

sin = /y/l-p 2 = jy/26/ 


The intensity of reflected X-rays do not obey rigorously Fresnel's 
law of intensity of reflexion. Recently ThibaudJ modified Fres¬ 
nel's law taking into consideration the high frequency of X-rays. 
The results are in good agreement with his theory. Some values of 
refractive indices found out by this method are given below. 


* Compton, Phil. Mag ., 45, 1121, 1923. 
t The maximum is however not very sharp. 
| Thibaud, Jour . de Physique, 1 , 37, 1930, 
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Table «.* 


; 

X A. F, 

*po 

5 x 10‘ ; 

1 

Glass ... 

j 

T279 

10' j 

4*2 

Silver ... | 
| 

1*279 

22'*5 1 

1 

2 IT* 

1 


_ j 



159a. Dispersion of X-rays. -Aocoitlii.g ,(l formula (*>•»). we 

have 


8 


4 .<#»'> 

Jjt/W V 

or R./'X* — .(7C5) 

11 the theory be correct, 5/X 2 should bo a constant. This deduction 
was tested by Lars son'!" whose results are reproduced in Fig. 73, 



The curve represents the dispersion of caleite from X=1’25 A.U. 
to X = 4*25 A.U. The value of \x was determined from deviations 
from Bragg's Law. The ordinate represents 8/X 2 , and the abscissa 
X. We find that the curve is straight between 1*25 A.U. to 2 A.U. 

* For more details see Nfihring, Phys. Zeits.< 31, 790, 1930 
Larsson, Dissertation, Uppsala Univ., 1929, 

F. 40 








RdNTGEN RAYS 


314 


[VI 


For this region at least, the theory holds good, and it enables us to 
determine X and compare it with its value obtained by direct 
methods. We have N^{ApZ)jM where A = Avogadro number, 
P—density, total number of electrons in the molecule and 

d/=molecular weight. 

Substituting the values for CaCO* (Z=50, P=2’71, A/-= 100), 
we find that A r ===*81 X10 24 . Also putting e=4‘77X10“ 10 e.s.u., 
/;/=ir02X10" 2s gm. and c«=3X10 10 cm/sec. in eqn. (70), we obtain 
8/A 2 — 3*83 X10 (A.U.V* 2 . Hence 8 = 1*91X10-“ for >.-‘707 
A. U. (Ko of Mo). 

It has been found experimentally that 8 A 2 for calc it e is 
3*08X10-° for Mo Ko. The agreement is quite satisfactory. Hence 
the Lorentz theory holds good at least for this region of wavelength. 

In the same way as we have found the total number of electrons 
per unit volume, we can also find the number of A-eleetrons per unit 
volume. Using the Drude-Lorentz equation we have 

N 

e 2 V n s 

{ ^ v 2 vi 

e* r N k X~N k -i 

2nm L v 2 -v* v 2 J 

where = number of K-cIectrons per unit volume and v/ c =thc 
K-absorption frequency. If v 2 —vl be small, the first part of the 
expression becomes larger than the second part. In this way N/ c can 
be determined. Nardroll* showed from this experiment that 
there are two electrons in the K-shell. 

Anomalous Dispersion . 

A glance at the curve in (Fig. 711) shows that the (8/A 2 ), A curve is 
straight only up to 2A.U. After this the value of 8/A 2 rapidly 

o 

diminishes aud reaches a minimum value at 3*083 A.U. Beyond 
this point it rises again. 

This feature is exactly analogous to anomalous dispersion in 
optical region. As is well-known, anomalous dispersion occurs in 
the neighbourhood of an absorption line of the substance 1 . In the 
X-ray region, there are no absorption lines, but only absorption edges, 
/.e., at one point the absorption suddenly increases owing to the 


Nardroff, Pliys. Rei\, 24, 149, 1923, 
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photoelectric ejection of uu electron from some shell, f or calcium 
the absorption edge has been found to start from ,T083 A.I-., 
and near about this point we get anomalous dispersion. Evidently 
[i has the maximum value at this point. 

Kallman and Mark* * * § worked out a formula for dispersion 
in the neighbourhood of an absorption edge on the analogy of the 
corresponding phenomenon in the optical region. They obtained the 
formula 


6 A r 
l 2 '2m* m 


2nr i ni V }. k ) ° K [ ( A ) J 


(77) 


where X^ is the number of K-electrons per unit volume. This 

equation holds only in the neighbourhood of the absorption edge, 
as the damping factor was neglected in its deduction. At the 
absorption edge itself, it ceases to hold. Prinsf took into account 
the damping factor and gave* a formula for the absorption edge 
itself. 


160. Diffraction of X-rays by Slits.—As pointed out already, 
though the di(fraction of X-rays by slits was long sought for, but. 
the conclusions wort' never free from doubt. Sommerfeld had 
microphotographed plates taken by Kochlj: in 1909, and the tentative 
values of the wavelength of X-rays found by him from these data 
were, as we now know, fairly correct. In recent times, this technique 
has been much further developed as can be seen from the photograph 
(Fig. 7*1, Plate V). This is reproduced from a paper by Kellstrom§. 
The wavelength used for this photograph is large, |AlKa (SA.U.)] 
The slits were '006mm. in widih, which were first roughly measured by 
means of a comparator. The actual arrangement is simple, and is 
similar to those usually given in text-books on physical optics for 
observing diffraction of optical rays. The distance between the plate 
and the slit in Kell strongs experiment was 41 cm. The plate shown 
is a copy of the original magnified 30 times. An exposure of 
2 to 3 hours with 15 m. A. current and 8 to 10 KV. in the X-ray tube 
is sufficient. The whole apparatus was enclosed in a vacuum 
chamber. 

* Kallman and Mark, Ann. d. Phys., 82, 385, 1927. 

t Prins, Zs. f Phys ., 47, 479, 1928. 

t Koch, Ann d. Phys. y 38, 507, 1912. 

§ Kellstrom, Uppsala Dissertation , 1932. 
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For the position of the minimum, the usual Fra imho ter diffraction 
formula for a slit was used. We have 

<t n 

nl .( 78 ) 

b 

where // — 1, 2, 8, etc., .*=»the slit width <l n = the distance of //th 

minimum from the centre and />—the distance from the slit to the 
plate. 

The table below gives some results obtained from Kellstrom’s 
experiment. 


Table 7.—Diffraction by slits with 

A1 Ka (8 A. U.) 


! ; n ! 

iOrder n in mm. ; 


Minima 


•0.125 

•ion 

*1504 


.s* 

in mm. 


•nOliOUl 

•00HIS39 

•<.’0(5590 


Mean *00059 

its wavelength was found out to be 
spectroscopic value. 


By assuming the value of 
the wavelength of A1 Ka (<S\-> 

o 

A. U.) the value of s (the slit 
width) is found rigorously 
from equation (78). It is about 
10/o larger than tin 1 value 
found by measurement with a 
comparator. The same slit 
was used in the experiment 
with CKa and the value of 
correct within *5., of the known 


161. Interference of X-rays (Lloyd's mirror method). - 

The arrangement known as Lloyd’s mirror in optics is a very direct, 
method for observing the interference of light from a direct source’ 
and a virtual source. The virtual source is produced by means 
of reflection from one single mirror. Recently Kellstrom has 
extended this method to the case of X-rays. A beam of X-rays 
is allowed to pass through a very narrow slit (width '0015 mm.) and 
then fall on a glass plate at a grazing angle of incidence. A photo¬ 
graphic plate kept at a distance of about 50 mm. records the inter¬ 
ference pattern due to the direct beam from the slit and the reflected 
beam. The usual formula gives 


nl = 


c 

a+b 


dn 


where c=the distance between real and the virtual sources, 
the horizontal distance of the slit and the glass plate and 6=the 
distance between glass plate and the photographic plate. 
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Ln an experiment of this kind Kcllstrdm used Ka radiations of 
Aluminium, and from the value of its wavelength the distance between 
the real and the virtual sources was found, it agreed with the value, 
measured experimentally. Tf now any other radiation is used with the 
same arrangement, then its wavelength can be computed from the 
value of r. The value of X for OKa lino was found to agree with 
known values within *b/o. it must be realised that this method as 
well as the previous one are only comparison methods*. 


Books Recommended . 

1. A. H. Compton, X-rays and Electrons (1927). 

2. M. Si eg balm, Speklroskopte der Ron f yens trail 1m (1931). 

3. F. K ire liner, llandbuch dor Experiment,alphysik , 24 (2), AUyemeine 

Physik (for Runty cnslrahfon (1930). 

4. A. E. H. T iitton, Crystulloyraphy and Practical O rystal Measure¬ 

ments (1922). 

.). H. Hilton, Mathematical Crystallography (1903). 

0. R. W. G. Wyckofl* The Structure of Crystals (1931). 

7. \V. L. and W. H., Bragg, X-rays and Crystal Structure (1924). 

(New edition entitled The. Crystalline Slate published in 3 vols., 
1933). 

5. II. Ott, llandbuch der Expcruneulalphystk, 7 ( 2 ), Slrnktnrhestim- 

niuny mit Rant yen interferon lea ( 192 s). 

9. IIevoy, (Ihem ical A nalysis by X-rays (1932). 

In. Gloeker. Materialprii/nay ant Riadyrnstrahlen (1929). 


For the above methods see Kell strong Dissertation , 1932. 




Table 1 .— Miss-absorption coefficient* (u/>) of Elements. 
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CHAPTER VII 


HOUR’S THKORY OF THE SPECTRUM OF HYDROGEN 

162, Experimental Study of Spectra of Elements. —During: 
the whole of the last century, the belief was almost universal that the 
atom was a non-divisible particle of mass with certain combining 
powers. In the foregoing chapters, we have seen how this belief has 
been completely shattered owing to the discovery of the proton and 
the electron, and recognition of the fact that all elements are made up 
of these two, which may be regarded as the two primordial elements. 
We have now to explain the chemical and physical properties of 
elements in terms of their electrical structure. Kirchhoff’s discovery 
has shown that the most characteristic property of the atom is its 
spectrum. As was already remarked we can compare the atom to a 
musical instrument, each spectral line then becomes a characteristic 
note of this instrument. But even themost casual acquaintance with 
spectral data shows that the analogy must not be stressed too far. 
Even hydrogen, the simplest of elements does not give a single line, 
but apparently an infinite number. An element like iron gives in the 
visible range not less than 6000 lines of different, wavelengths. This 
fact led Rowland to remark that the atom is more complicated than 
even the grand piano. 

The very vastness of spectroscopic data (witness—the eight thick 
volumes of Kayser and Runge/s and Kay ^er and Konen's Handbuch 
der Spektroskopie—even these* an* not sufficient to report all the 
results), combined with their complexity repelled even the greatest 
physicists of the last century against making any serious attempt in 
understanding them. 

In 1912, Niels Bohr of Copenhagen succeeded in obtaining the 
first clues to a successful explanation of the spectra of elements by 
he combined application of the nuclear theory of the atom, and the 
quantum theory of light. Before describing Bohr's theory, we shall 
give a brief account of the work of systematisation which preceded 
this work. 
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163. Work of Systematisation—Balmer’s Discovery.—Th< 

work of systematisation was started by Balmer*, a teacher in a 
gymnasium at .Basle, Switzerland, 1885. Hydrogen - !', when excited in 
the discharge tube, gives a multitude of lines of which four stand out 
prominently from amongst, the rest. These four lines are known as 

lia . . . X 656279 A. U. . . Red 

H ft ... I 4861*327 .... Green 

... a 4340*47 .... Blue 

Hs . . . X 4101*74 .... Violet 

Balmer showed that the wavelengths of these four lines can be 
represented by the simple mathematical formula :— 

2 

A 3645*98 .(1) 

nr — 4 

in is an‘integral number >2, >/*=3, 4, 5, 6 for Hn, II;*, H 7 , IIs, 
respectively. About this time, Hartley showed that it is more 
convenient to use reciprocals of wavelengths or wave-numbers, 
instead of wavelengths*. 

If now Balmer’s law is expressed in wave-numbers, it appears 
that the hydrogen lines can bo represented by the formula 



where ft = 109690 cm ’ 1 

If the law be correct, there is no reason why the series should stop 
at ///-- 6 . In fact observation shows that there is a line correspond¬ 
ing to every integral value of m. The astronomer Huggins discovered 
about 9 lines in the spectrum of the star Sirius, and 35 lines 
represented by the above formula have been discovered in the 
spectrum of the solar chromosphere. With improved technique, about 
21 lines have been photographed in a Geissler tube discharge by 

* Balmer, Wied Ann., 25, 80, 1885. 

f Apart from the Balmer lines, a lavge number of fainter lines appear 
when the discharge tube is run on low voltage. They are said to form the 
secondary spectrum of hydrogen. The secondary spectrum has now been 
shown to be due to the H 2 -molecule, while the primary (Balmer) spectrum 
is due to the H-atoni. 

t This point will be discussed in greater length when the spectra of 
alkalies is taken up. It is important to remember 

Frequency .v — cfkv ao (sec-* ) 

Wave-number.v « l/Xvac (cm- 1 ) 
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R. W. Wood.* A spectrum of Hydrogen lines lms been reproduced 
in Fig. 1, Plate V. 

The lines shown in this photograph are of the Bahyer series, 
as obtained in the spectra of Sirius (a), Vacuum tube (b). 

According to formula (!'), the distance between the successive 
Baliner lines ought to diminish with increasing ///, and the series 
ought to terminate at 

v - mi\ \ = 3645*81 . ..... (1") 

This point is known as the convergence limit of the 
series. A list of Balmer-lines with their wavelengths and wave- 
numbers is given in Table 1. it will be seen that the table contains 
a number of other series in addition to Buhner's, and the whole 
scries of lines are attributed to the hydrogen atom. The full 
significance of the different series will be clear from the next 
section. 

164. Bohr's Elementary Theory of the Hydrogen 
Spectra. —YVo shall now give an account of Bohr’s elementary theory 
of the H-spectra. This is the fundamental work which has been 
the basis of all subsequent investigations connected with the atom. 

Bohrf set to himself the task of explaining the remarkable 
regularities in the spectrum of II which have been just 
discussed. The first necessity was a model of the H-atom. Tn this 
ho was guided by Rutherford's discovery that the positive electricity 
occupied a very minute space at the centre of the atom. He 
compared the atom to a planetary system as already suggested by 
Nagaoka$ in 1904. The nucleus of positive electricity with its large 
mass plays the role of the sun. The election with its small mass 
plays the role of the planet. As in the case of the planets, the electron 
is attracted towards the nucleus according to the inverse square law 
(the law is not however gravitational, but electrical, and the force is 
due to attraction of electrical charges of opposite signs). The electron 
is prevented from falling into the nucleus by its constant motion as 
in the case of planets. Bohr showed that the whole theory of plane¬ 
tary motion can be applied with certain modifications to the problem 
of motion of the electron round the nucleus. 

* R W. Wood, Proe. Roy. Noe. A, 97, 455, 1920. 

f Niels Bohr, On the Constitution of Atoms and Molecules, Phil Maq ., 
26,1,476,857,1913. 

t H. Nagaoka, Phil. May ., 7, (6), 445, 1904. 

F. 41 
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Table I. — Series- Spectra of Hydroyen. 





Lyman Series v = /?n ( 
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.12 «2 / 



Observer 
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A»vao (obs.) 

^-vac (eal) 

v (cal.) 



Millikan* * * § 


2 

12157 

1215-68 

82258*31 



Lyman 

rl 

3 

10260 

1025-73 

97491*36 



{ 

4 

9727 

972-54 

10282291 

Term values 
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Balmer Series v = /ui( 

-_L) 

o •> ,, 0 / 

n 

Too 

Observer 

i 

v i 

. 

> 

.6- U*/ 

.— 

-- 


i 


K\r (obs.) j 

h(nlr) (cal.) 

v (cal.) 

1 

2 

10967782 

27419512 

1 

t Ha 

3 

r 6562 8473 ! 
1 6562-7110 

6562-793 

1 

15233216 

3 

12186-458 

Houston r / 

H/S 

4 

f 48613578 , 
l 4861-2800 

4861-327 

20564-793 

4 

6854831 

' 

H 

y 

5 

1 ‘4340'497 
l 4340-429 

4340466 

23032543 

5 

4387 131 

Valuer of Pas- 

fHs 

6 

41017346 

4101738 

24373055 

G 

3046-619 

chen, Cui’tis' 

He 

7 

3970 0740 

3970075 

25181-343 

7 

2238331 

and Ruark 


8 

38890575 

3889052 

25705 957 

8 

1713717 


(H* 

9 

3835-397 

3835*387 

26065-61 

9 

1354*06 

I 

[He 

10 

3797 910 

3797900 

2632290 

10 

1096-77 

Ruark t ( 

Hi 

11 

3770-634 

3770 633 

26513 24 

11 

906 43 

Ha 

12 

3750*152 

3750154 

2665803 

12 

761*64 

1 

Hx 

13 

3734-372 

3734371 

26770 68 

13 

648 99 


Ih„ 

14 

3721-948 

3721-948 

26860-09 

14 

559-58 


/Hr 

15 

j 3711-980 

3711-973 

2693221 

15 

487-46 


Hi 

16 

1 3703861 

3703 855 

26991-24 

16 

42843 


Ho 

17 

I 3697-159 

3697 154 

27040 16 

17 

379-51 

Wood# j 

\Ht 

18 

j 3691-553 

369-557 

27081-16 

18 

338 51 

H P 

19 

; 3686833 

3686-834 

27115-85 

19 

303-82 



20 

| 3682-825 

3682 810 

27145 47 

20 

274-20 


Hr 

21 

! 3679-372 

3679355 

2717096 

21 

248-71 


VH e 

22 

! 3676-378 

3676 354 

27193-07 

22 

1 

22660 


* Millikan, Astrophys. Jour., 52, 47, 286, 1920 ; 53, 100, 1921. 

f Houston, Astrophys. Jour., 64, 81, 1926. 

t Ruark, Astrophys. Jour., 58, 46, 1923. 

§ Wood Phil. May., 42, 729, 1921, 
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Observe? 
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307376 
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19041 
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25 

17548 
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3067*69 

3667*684 

27257*42 

26 

162*25 


H„ fi 

27 

3066-10 

3606 097 

27269-23 

27 

150*44 

Dm vid son i 

H» # 

28 

36040!) 

3664*679 

27279-78 

28 

139-89 

h 37 

29 

3663*42 

3663*405 

2 : 289-26 

29 

130*41 

and Strut- 

H a a 

m 

3062-24 

3602-258 

27297-81 

30 

121*86 

ton* 


31 

3661*34 

3661 221 

27305-54 

31 

114*13 


h 3 „ 

82 

3660-33 

3660*280 

27812 55 

32 

107*12 


Hu 

33 

3659*68 

3659*423 

27318-94 

33 

100*73 



34 

365881 

3658 641 

27324*79 

34 

94-88 


II33 

35 

3658*00 

3657*926 

2733014 

35! 

89-53 


'H,4 

3b 

3657-25 

3657 269 

27335-05 

36 i 

84*62 



37 


3656*066 

27389*55 

37 

80*12 



OO 


3645*981 

27419*674 

OO 

... 




Ivitz-Pasehen 

-Series x=ll\\ (..L - —•) 



Observer 

)t 

: - - — .. - . 


it-/ 

Term values 




^air 

^air 

! V 






| (observed) |(calcidate(l)j(caleulated) 



Paschen 

{ 

i 4 

I 5 

18751-3 

12817-0 

: 18751*1 

; 12818*1 

5331*58 

1 7799-38 



Brackett 


: 6 

P00|i 

10938*1 

■ 9139*84 





: 7 

10H49-8 

10049*1 

9948-13 



Poettkerv. 

•{ 

1 

954G-2 

9220-7 

9546 0 
9229*1 

10172-71 

10832-40 




l 

10 

9015*3 

90149 

11089*69 





11 ; 

S803*4 

8862-9 

1128003 



Observer 

n i 

Brackett-Series v = /»* ^ 

1-1) 

4 2 n*J 





! 

Xair (obs.) 

Xair (cal.) 

v (cal.) 



Brackett 

■ |‘ 

5 

4"05p 

405104 

*- 

2467*75 




I 

6 ; 

2’63p 

26251-0 

3808-26 






Pfund-Series v=i»u ( 

1-11 

5“ M 2 1 



Observer 








X( tt ir) (obsv.) 

^(air) (cal.) 

v (cal). 



Pfund . . . 

6 

7'40|i 

74578 0 

1340*512 




This table 1ms been collected from Handbuch der Astropliysik, 3, (2), 
p. 480, article by W. Grotrian. 

* Davidson and Stratton, Mon. R. A. S., 64, 105, 1927, 
f Poettker, Phys Rev., 30,418,1927, 
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In the case of the H-atom, at first he supposed it to consist of a 
central stationary nucleus which has got the same mass as the 
hydrogen atom and a charge of +c, with one electron revolving 
round it in an orbit. The matter was further simplified by the 
assumption that the orbit is circular. The equation o t motion can 
now be written as :— 


where radius of the circular orbit, o)=angular velocity of the 
electron. The total energy W of the system is equal to potential 
energy plus kinetic energy. Thus 


w—'-£+i 

a 


nm” (0 = — 




(I) 


Potential energy is taken as negative, because the force is attractive. 

We have got two quantities to determine, r/.., a and to, whereas 
we have only one equation. lienee a further equation between 
a and o> must be found. Tn the case of planetary motion, a second 
equation is given by the law of rate of description of areas (Kepler's 
second law) 

f//a 2 (x) — constant.(4 / ) 


The value of this constant which is essential for the, solution of the 
problem is obtained from a knowledge of the initial conditions of 
projection, namely the velocity with which the planet is projected 
at a definite instant, and the distance of the point of projection. 
Now if these are u and a, the constant — mna for circular orbits. But 
in the case of motion of the electron in the atom it is not possible to 
obtain the initial condition. Hence some other method must be 
used for finding out the value of the angular momentum ma 2 o> which 
is constant. Nicholson* had formerly observed that Planck's quantum 
h had the same dimensions as the angular momentum. With char¬ 
acteristic intuition, Bohr put 


mu 2 co = n.hj 2 k .... 

With this second condition, wc can completely solve the 
motion. We get 

lir _ 2*V7 Pm 1 

W n ~ -^ . . . 


... (4) 
equation of 

• • • ( 5 ) 


a 


= ** _ 2 
4at*e*m H 


* Nicholson, Monthly Not. Roy. Astr. Soc., 72, 679, 1912. 
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Thus the quantum condition (4) puts a restriction to the number 
of possible stable orbits. Only such orbits (or energy states) are 
possible which are distinguished by an integral quantum number u. 
They have the energy W n and radius an 2 as given by formulae (4) 
and (5). 

A glance at this formula shows that the energy of the system 
when the electron is at infinite distance from the nucleus is taken 
to be zero. As we take orbits possessing decreasing values of //, the 
energies become more and more negative and varies as 1 /n 2 . The 
orbit with the lowest energy corresponds to n= 1. According to 
general principles in dynamics, this should be the most stable state 
of the H-atom. Compared to this, the other states are all unstable. 

The phenomena occurring in a hydrogen tube, through which a 
discharge is passed may be pictured as follows: by means of a 
discharge, we convert a fraction of the H 2 -molccules which 
compose the gaseous mass into H-atoms, some of the atoms are in 
state (1), a smaller number are in state (2)... and so on in the various 
energy states as described above. It is clear that the atom with 
higher energy values (larger values of u) will always tend to revert 
to states of lower energy value (smaller values of u). What happens 
to the difference of energy when such a process takes place ? Bohr 
postulates that the balance of energy is emitted in space as radiation. 
If the frequency of this radiation is v, then in accordance with 
Planck’s fundamental postulate its energy should be Av. Bohr put 


Av = W r W f 


( 6 ) 


where the subscript /’denotes a final orbit, / denotes the initial orbit. 
This is known as Bohr's Srcouri Postulate. This gives us the 
frequency v in terms of the energy difference of the states of the 
II-atom. We have 


2ft 2 ui ( I 1 \ 

V A s \n' f tt] ) 


(7) 


If we put u f = 2, and allow n t to take all integral values 3, 4, 5,.. 
. .. . etc., we get a formula for the frequency v which is quite similar 
to the formula discovered by Balmer for the visible lines of the 
H-atom. 

Bohr shows that the formula agrees not only in form, but also in 
absolute value with Balmer’s formula. The Rydberg Constant 

n 2jt 2 e 4 m 

A 3 


( 8 ) 
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Taking the known values of r and h Bohr found that R should be 
theoretically 109723, while from spectroscopic data R was found to 
have the value 109670. The agreement was thus found to be 
excellent. But. Bohr’s theory predicted more than what it proved. 
If the theory be correct, there should be further series of lines to be 
represented by the formula; 


v=R 




where n = 2, 3,. . 


and 






Lyman-series . . (9) 


Paschen-series . . (90 


where u = 4, 5, Of these series the first is the most important, 

but calculation shows that the wavelength of the first line of this 
series should bo about 1216 A.U. This is in the Schumann region. 
This explains why previous investigators, working with glass or 
quartz apparatus were unable to obtain it. But shortly before 
Bohr’s theory was published. Prof. Lyman* * * § of Harvard was able 
to photograph the entire serins in his vacuum spectrograph. It. is 
therefore known as the Lyman scries. 

The other series corresponding to aj> -= 3 was observed by 
Paschenf before the advent of Bohr’s theory, and the second series 
corresponding to n^ = 4 was discovered by BrackettJ. Both 
of them are in the infrared. A similar series corresponding to nj —o 
was observed by Pfund§ in the extreme infrared. The wavelengths 
of the lines of the different series of the Il-speetra are shown in 
Table 1. 

Let us now see whether the radius of the electronic orbit as 
given by Bohr’s theory agrees with previous estimates of the radius 
of the IT-atoin. According to (5) we have a n = an 1 , where 

#7,=& 2 /4jiV 2 ni. Substitution of these values shows that m=' 538X 
10 - 8 cms. It is in agreement, as far as the order of dimensions, 
with the values obtainable from the kinetic theory. The radius of 
the ttth orbit is an 2 . 


165. Mechanism of Emission and Absorption.— The 

mechanism of emission is represented by Fig. 2. Here we have 


* Lyman, Astrophus, Jour., 23, 181, 1906 ; 43, 89, 1916. 

f Paschen, Ann. a. Phys ., 27, 537, 1908. 

t Brackett, Astrophys. Jour., 56, 154, 1922. 

§ Pfund, Jour. Opt. Soc. Am., 9, 193, 1924. 
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represented the different possible orbits by circles denoted by 
1,2,3 . . . etc. and the transitions giving rise to different series 

are represented by radial lines. 

Let us consider 
hydrogen gas in a 
discharge tube; then 
when no discharge 
is passed the gas 
consists only of 
molecules. When 
discharge is passed 
a fraction of mole¬ 
cules arc broken up 
into atoms and some 
of the atoms are 
excited to higher 
levels. The lines are 
produced owing to 
the innate tendency of the electrons in the excited states to fall to 
lower levels as described previously. The intensity of the lines 
emitted depends upon the probability that an electron will return 
from a higher level to a lower level. The excited states are main¬ 
tained by discharge; and if it were stopped, they would return to 
normal states in no time and the gas will be rendered non-luminous. 

Absorption .—In absorption the opposite process takes place. 
When light falls on the atoms, it is absorbed by the electron which 
therefore receives an increment in its energy just as in a photo¬ 
electric process, and shifts to a higher level. But absorption is 
clearly possible only when the energy of the incident photon is 
equal to the energy difference between two stationary states. lTbnce 
only the characteristic lines can be absorbed out of a continuous 
spectrum. 

When continuous light is passed through a column of II 2 -vapour, 
it is found to be perfectly transparent to the lines of the Balmer 
series. This does not contradict Bohr\s theory because in the normal 
states hydrogen exists in the molecular stage. It is incapable of 
absorbing Balmer lines, and can do so only when the molecules split 
up into H-atoms with their electrons in the second quantum states. 
That this is possible was first shown by Ladenburg and Loria* who 

* Ladenburg and Loria, Ann . d. Phys. f 38, 249, 1913, 
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obtained absorption of H a and II q by passing continuous light 
through a hydrogen tube in which H 2 was subjected to a continuous 
electrical discharge. The JBalmer lines now occur in absorption 
because on account of the discharge, the molecules are more or less 
broken up into atoms, and some of them occur in the 2-quantum 
state, and are rendered capable for absorbing the Balmcr lines. A 
sketch of Ladenburg’s apparatus is given below (Fig. 3). 



Fig. 8. Ladcnburg’a apparatus. 


K ... is the source of continuous light. It is a discharge-tube of 
very small diameter and contains the IT-gas at a high 
pressure. 

A ... is a hydrogen discharge-tube containing Ii 2 at one mm. 
N j, N 2 . . is a pair of Nicol’s prism. 

Sp. . . . is the spectrograph. 

S ... is the secondary of an induction coil with a spark gap Q in 
the circuit. 

LjL 2 . . are lenses for focussing light. 

The discharge tubes K and A are filled with pure dry hydrogen 
by means of the arrangement at the top. On starting, the two nicols are 
crossed, so that light from the source K cannot pass through the spectro¬ 
graph. Only the bright emission lines of Hydrogen from the tube A are 
seen. On turning the nicol, the nature of the spectrum at once changes. 
The spectrum is found to consist of a continuous background due to the 
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source K, together with the Ha and Hp emission lines of Hydrogen; further 
two dark lines appear on the edges of Ha and where they cut across 
the continuous background. This is shown in Fig. 4 (a) which is a 
reproduction of Ladenburg’s result. If the nicols arc turned still further, 
the dark lines broaden until the bright line in between them is obliterated. 

Using the gas in the absorption tube at. 25 mm. pressure; the dark line 
appears at the centre of the bright line (Fig. 4 h). On gradually turning 
the nicols, the dark 
line again broadens, 
until finally the bright 
line is entirely cut oft* 

The i ntcrj notation 
of the above results 
is as follows. On 
account of electric 
discharge, some of 
the molecules of hy¬ 
drogen in the absorp¬ 
tion tube A are 
broken up into H- 
atoins, a few of which 
are excited to the 
2-quantum state and 
are capable of absorb¬ 
ing Ha and Hp lines 
from the continuous 
radiation passing 
through it. We thus (b) 

get two dark absorp- Kl * 4 * Absorption of Balmer lim s. 

tion lines at the edges of the emission line Ha and Hp. 

166, The Higher States of the H-atom. —According to 
Bohr's theory, the radius of the //th orbit of the atom is given by 

a n — aw 2 =*538X10“ 9 w* 

For the line 1135 (observed in the Chromosphere) 
a = 7*5X10 B cm., 

when the pressure in the tube is very large, the mean distance 
between atoms may be less than the radius of the higher orbits- 
Hence these orbits can be developed only in regions of extreme 
F. 42 
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tenuity. This probably explains why in an ordinary vacuum tube 
only a few lines are observed. Tf the pressure be progressively 
diminished as in Wood's experiment (vide infra) more lines come 
out. The same phenomenon is illustrated in the spectra of stars, 
and in the Fraunhoffer spectrum of the sun which is a dwarf star 
(Lr. star with a rather dense atmosphere). In the sun we get 
only live Balmer lines in absorption. In the spectrum of Sirius, 
which is a dwarf A-star but with a less tenuous atmosphere, we 
get about 10 lines in absorption. In the spectrum of a-Cygni 
(a giant star with extremely tenuous atmosphere) not less than 
24 lines of the Balmer series are observed in absorption. This 
has been illustrated by Fig. 5, Plate V, which is a photograph of the 
hydrogen lines in absorption as obtained in the spectrum of Zeta 
Tauri, another giant star. 


167. Continuous Spectrum of Hydrogen. —During the total 
solar eclipse of 1905, J. Evershed photographed the spectrum of solar 
chromosphere and obtained no less than 35 Balmer lines in emission. 

He reached nearly the convergence limit of Balmer series and 
further observed that this was followed by a continuous emission 
spectrum which just started at the convergence limit X 3645*81 and 
extended for some distance into the ultraviolet. Afterwards, this con¬ 
tinuous spectrum has also been observed in the laboratory in emission 
as well as in absorption (for alkali elements). Bohr showed that this 
continuous spectrum is due to the combination of a free electron with 
the bare hydrogen nucleus. In the stars as well as in the vacuum 
tube) a large percentage of H-atoms may be completely ionised and 
may contain a large proportion of free electrons. If a free electron 
possessing the kinetic energy hnv 2 approaches an. H + particle, it 
may be captured in any one of the quantum orbits. If it is captured 
in the second orbit, the diminution of energy of the system 
(proton -1- free electron) is given by 

W = i mr 2 + Ith/2 2 .(10) 


for Rh/2 2 is the energy of the‘combined system in the 2-quantum 
state. To this the energy of free electron must be added (we suppose 
the proton to be at rest). We may suppose that the whole amount of 
the energy liberated in a capture is given out in radiation. The 
frequency v is given by 


v 


R , 1 mv 2 

9* + 9 ’ h 


(ID 
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Since i mv 2 can have all values from 0 to <=», formula (11) 
represents a continuous spectrum starting from the end of Balmer 
series and extending to the ultraviolet. The intensity in different 
parts of the spectrum will depend upon the number of free electrons 
with the requisite amount of energy and their chances of capture in 
the second quantum-orbit. It is quite clear that not only the Balmer 
series, but other characteristic, series will also be attended by similar 
continuous spectra starting from the series limit and extending 
indefinitely to the ultraviolet. The continuous spectra are some¬ 
times •known as the recombination spectra. 

^68. Bohr*8 elementary theory is not sufficient.—Bohr's 
theory was thus successful in explaining many old facts and predict¬ 
ing now ones. But it could not be regarded as final or sufficient, as 
it left a number of questions unanswered, and gave rise to difficulties 
of a peculiar nature. First of all, according to this theory the spectral 
lines should be single, while actual observations showed that every 
one of the Balmer lines has a complex structure and contains at least 
two dose components . Secondly, Bohr's ideas are in flagrant con¬ 
tradiction to the mechanical conception of Nature. On Bohr's model, 
the electron exists in a number of quantised states characterised by 
integral numbers. v Suppose at any time, the electron is in orbit 
number 5 ; experience tells us, that it cannot remain long there, but 
will jump back to some lower orbit. To which particular one will it 
fall ? Is it the 4th or the 3rd or the 2nd ? This question cannot be 
decided on dynamical grounds. Hence *we have to introduce an 
element of probability. We say that the electron possesses a certain 
definite probability for passing from the //th state to a lower state m . 
Einstein* denotes this probability in the general case of any atom 
by the symbol A nm . If we have N n atoms in the nth quantum state, 
then in time (if. the number which returns to the lower state m is 
given by 

Nn.Anm.dt .(12) 

But in making this picture, we are sacrificing the law of causal¬ 
ity which demands that the whole future course of a dynamical 
system should be determined by the laws of motion and by the initial 
or boundary conditions, just as m the case of planetary motion. But 
we have seen that such conditions cannot be found for motion of the 

* A. Einstein, Phys. Zeits., 18, 121, 1917. Sec A Text Book of IJeat r 
Saha and Srivastava, Chap. XI, p. 546. 
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electron round the nucleus. We have to introduce the quantum 
conditions rather arbitrarily, and then we have to endow the electron 
with a certain amount of will power of its own, which enables it 
to determine its own Destiny . This conception is contrary to all the 
canons that philosophers have established since the days of Galileo. 

Bohr was conscious of this difficulty in his theory and in 
collaboration with his students has been trying to improve it by 
continued efforts. An account of these efforts as well as the 
attempts made by other workers which successively led to the Cor¬ 
respondence Principle, Matrix Mechanics, and Wave-Mechanics, will 
be found in suitable volumes. The problem at issue became clearer 
when attempt was made to extend Bohr's theory to the explanation 
of the spectra of other elements as well as to allied phenomena like 
Zeemann effect, X-ray spectra and Stark effect. 

169. General Explanation of Spectra of Elements. —Bohr 
showed that in the general case the atom consists of a •central posi¬ 
tive charge Ze with Z electrons revolving round it. These Z electrons 
may be supposed to be arranged in different layers. But it may be 
supposed that the light vibrations are due to only one, namely, the 
outermost electron. The equation of motion of this electron may be 
' formulated in the same way, as in the case of hydrogen. The electri¬ 
cal field in which this electron moves is due to a nuclear charge 
+ Ze which is compensated by that due Z— 1 electrons distributed 
round the nucleus in an unknown way. Roughly the field is due to 
a net charge of unity in the centre. Hence it is probable that the 
frequencies of lines of elements should be represented in the same 
way as those of the II-lines, with the same Rydberg constant. As a 
matter of fact, detailed analysis of the spectra of other elements 
(see § 183) by Rydberg, Ritz and others showed that the frequency 
of a spectral line in the general case can be represented by formulae 
of the following type 

7t ~ wh)Y~ M^jp. (13) 

where <p and q/ are functions of integral numbers n and m of the 
type 

cp(r/) = w+a+^ + \+ .(14) 

n n 

Now before taking the general case of spectra let us see whether 
there are other spectra which present a greater similarity to the 
spectrum of Hydrogen. 
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170. Lines of Ionised Helium. —Prof. Pickering of Harvard 
discovered in 1898 a series of lines in the spectrum of i-Puppis, 
which are distributed midway between the Balmer lines as shown in 
Pig. 5a, Plate VI. 

He found that these lines could be represented by the formula. 

v " 72 [^r~ . (15) 

The wavelengths of the lines corresponding to n — 3 , 4, 5, 6 . . 

are l 5412, 4541, 4199,. 

Somewhat later, G. E. Hale showed that if in Pickering's formula, 
we give to // the value 1, and reverse the terms we obtain a line 
having the frequency 

v n [d+V --H. (,6 '> 

with the theoretical wavelength k 4688. A bright line of this de¬ 
scription occurs in the spectra of many nebulas and of very hot stars, 
though its actual wavelength was found to be somewhat shorter, 
namely 4686 A.U. Owing to the similarity of the series formula of 
those lines to the Balmer formula, they were ascribed to a form 
of hydrogen (cosmic hydrogen) existing in the hotter stars. They 
were first observed by A. Fowler* in the laboratory in 1912, when 
a condensed* discharge was passed through a mixture of II and He. 
Later, they were obtained in discharge through pure He, showing 
that they are due to helium pure and simple. 


171. Lines of Cosmic Hydrogen are due to Ionised 
Helium. —Bohr showed that the lines of cosmic hydrogen form 
really the enhanced spectrum of He. HeUum is the element next to 
H, it has got a nucleus having the charge 2c, mass 4 m n , with two 
electrons revolving in orbits about the nucleus. The spectrum of 
He proper consists of a large number of lines which were system¬ 
atised in six series by Runge and Pasehen (see infra Chap. XII) 
We arc not concerned with their explanation at this stage, nor is it 
possible with simple mechanics, partly because we are here dealing 
with the problem of three bodies. But if He loses one electron, 

* A. Fowler, Monthly Notices , 73, 62, 1912; Pmc. Roy. Soc. 90, 426, 


1914 






334 BOHR’S THEORY OF SPECTRUM OF HYDROGEN [VII 

the problem of its spectral radiation becomes mathematically soluble. 
We can write out the equation exactly as in §164, only the 
central charge is now E— 2e. We then obtain 



in the general case, where E=Zr. For the H-atom Z= 1, but for 
He + , Z=2, so that R He —4R H . The lines of He + are therefore 

given by 

.< J '> 

A table of wavelengths of lines due to He + are given in the next 
page. It will be noticed that the wavelengths of*He + -lines possessing 
the same mathematical formula as lines of Balmer scries have 
considerably smaller values. Thus the He + -line 



has not the wavelength A.6562 but A6; r >60T3. Compare the wavelengths 
of lip, IIy, etc*, in Table 2. The cause of this discrepancy 
is explained in the next section. 

172. Motion of the Nucleus—Variation in the Value of 
the Rydberg Constant. —According to the elementary form of Bohr’s 
theory, the Rydberg constant ought to be invariable. But A. Fowler 
pointed out that this was not so. He showed that for the Balmer 
lines of hydrogen 

R =109678 

while for the Pickering lines and other lines of He+, it was found that 
both from steller as well as laboratory data. 

R\w 805 109723 

This variation in the value of R in the case of He explains why the 
wavelength of the line 4 R ( 1/32 _ 1 / 42 ) i s 4686 and not 4688. 

The objection, instead of proving to be any serious obstacle to Bohr’s 
theory, led to one of its most conspicuous triumphs. Bohr 1 ' pointed out 
that in the elementary theory, the nucleus has been supposed to be at rest. 


* N. Bohr, Zs\ f. Pkys., 2, 423, 1920; Asirophys . Jour., 71, 228, 1923. 
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But this is not strictly true. According to dynamical principles, it is the 
centre of gravity of the system consisting of the nucleus and the electron 
which is at rest. Though in the preliminary treatment, the nucleus was 
supposed to be at rest, the error was not much, for the proton is 2000 times 
heavier than the electron, and the centre of gravity of the system proton- 
plus electron very nearly coincides with the centre of gravity of the proton. 
But we can easily work out the rigorous theory (vide Appendix, note 3). 
We have then merely to substitute the reduced mass mM/(»i + 3/) = 


Table 2 .— Wavelengths of lit + -/v//c*. 


Observer 

Series 

! 


Edlen* 

v — 4 R Uv 


1 ) 
n 2 ) 

Lynmnf 

v = 

(A- 

A) 

Fowlert j 

< 

(1 

** 

X 

( 1 

l 3* 

V.-) 


Paschenll ! 

Evan s H j v =4/? IIe (~j - ) 

(Pickering series) 


n 

Ivac. (obs.) 

A u. 

A. u. 

v (cal.). 

2 

3036 

303*79 

329166 

3 

256*3 

256*33 

390123 

3 

1640*4 

1640*49 

60957*35 

•1 

1215-2 (?) 

! 1215-18 

82292-42 

5 i 

1085-2 | 

1084-98 

92167-51 

■ 

4 

4685-760 j 

4685-760 

21335-31 

r, ! 

3203-138 ! 

3203-145 

31210-33 

« 

2733-326 i 

2733-334 

36574*55 

7 

2511-233 j 

2511-238 

39809 01 

H i 

2385-427 • 

2385-435 

41908-29 

9 

2306215 ! 

2306-227 

43347-50 

10 : 

2252810 ! 

... 

' 


0 

7 

8 
n 

10 

u 

12 


(>060130 
fill 1*551 
48f>9*342 
4541*612 
4338*094 
4199*857 
4140*409 


10123*72 I 9875*09 


6560*168 

5411*57 

4859*36 

4541*63 

4338*71 

4199*87 

4100*08 


15239*31 

18473*80 

20573*10 

22012*37 

23041*87 

23803*59 

24382*93 


ni (1 — m/M ) in place of m throughout the treatment in § 164(4/ is the mass 
of the nucleus). Hence we obtain that for 


Hydrogen, 

R « 

2 /t 

h 3 


nix - 

“ M) 

Helium, 


2 n 2 e A m / 

h » l 

>-5M 

1 - —) 
41// J 


. • (16) 


* Edlen and Ericson, Zs. f. Phys., 59, 656, 1929. 
f Lyman, Astrophys . Jour., 60, 1, 1924. 1* Fowler, loc. ciL 

|| Paschen, Ann. d . P%$., 50, 901, 1916. 

If Evans, Phil . Mag., 29 (6), 284, 1915. 
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when* R = 109737-2 

I\ is the Rydberg constant when M tends to infinity. 

From the difference in the value of the Rydberg constant, it is easy to 
calculate the important ratio w/M. Wo have from (16) 

m _ 1 ^n, ~'^ii _ 1_ 

M ~ 3 J\ 1836 

This is the most accurate value of m/M so far determined. 

Spectrum of the Henry Isotope of Hydrogen ( Denton ) 

VY r e have seen in Chapter III, §31), that atoms of most elements 
in the periodic table consist of isotopes, that is, particles having the 
same number of electrons in the outer shell, but differing slightly in 
atomic weight. The nature of the spectrum emitted by the different 
isotopes is absolutely identical, as this depends only on the constitution 
of the outer shell, but the lines are found-to possess slightly different 
wavelengths. This is partly due to the action of the mass of the 
nucleus, which makes the Rydberg constant somewhat different. 
According to (10), taking the motion of the nucleus into consideration, 
we have 

2 e*m (. m\ n (. m\ , ir .v 

It- h . (1- ,;!»«. II- „) . . . . (K) 


where ' M ' is the mass of the nucleus. If two isotopes possess the 
masses M and il/ ; , tlie frequencies v and v' of the corresponding 
lines are connected by the relation 


v^__ 1- mjM' 8v _ bM 
v 1 — m!M ° r v m MM 7 


. (18) 


where 6 M =*■ M f - M. 

The change in frequency is generally very slight in the case of 
heavy elements, but recently Trey, Rrickweddc and Murphy have 
succeeded by this method in discovering a heavy isotope of hydrogen 
in which the mass is 2. It consists of a proton and a neutron, and is 
denoted by II 2 . The lines of this hydrogen isotope (called Diplogen 
by Lord Rutherford, Denton by the American investigators) are 
expected to show very considerable shift. In fact 


8v -= Ji'. «_i . = _ or83l _L_ (19 ) 

V 2 M 2X1836 l ’ 2X1836 ' ‘ ’* 17 

The wavelengths of the characteristic lines of II 2 calculated according 
to the above formula and the observed values are given in Table 3. 
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Table 3.—Isotope shift of the spectral lines of heavy hydrogen . 



Ha 

H/3 

ii 7 

H* 

linA-lJ. 

0562 85 

4861-3 

4340*49 

4101*73 

8A. (Calculated) ... 
bX (Observed) 

1-79:5 

1*326 

1*185 

1-119 

Ordinary II 


1*346 

1*206 

1*145 

Sample I 


1*330 

1*199 

1*103 

Sample II & III 

i ; 791 , ' 

1*313 

1*176 

1088 

Urey, Brickweddc and Murphy* hav< 

* actually been able to 


observe the effect in the second order spectrum of a 21 ft. concave 
grilling with a dispersion of .1*31 A. I J. per rnm. They took a samph* 
of ordinary dry hydrogen in a discharge tube. Ori passing discharge 
under 4000 volts and 1 ampere current, and increasing the exposure 
by 4000 times of that required for photographing the ordinary Rainier 
lines (generally 2 see. in this arrangement), they observed a faint 
companion of the main Up, 11^ and 11$ lines in tin* spectrum. 
The faint components were supposed to be the lip, 11^ and I if - lines 
respectively, and they appeared at the expected positions 
(between 1 and 2 A. IT. from the main lines towards the shorter 
wavelength side) as can be readily seen from table 3. 

A photograph showing the H 2 components of the I la and Up 
lines is reproduced in Fig. 6, Plate VI from a photograph given in 
Aston’s Isotopes (1933 edition). In order to make sure that the faint 
lines were not ghosts or duo to some impurity, they used throe different 
samples of hydrogen all obtained from the evaporation of liquid 
hydrogen, t he first at atmospheric pressure, and the other two near 
the triple point. It was found that on account of greater concentra¬ 
tions attained in the samples II and 111, tiled I " lines obtained with 
them were more intense than in the first case. 

From the relative* increase of the exposure 1 so that tin* II 2 line 
just appeared on the photographic plate, the relative abundance of 
II 2 in the first sample was approximately calculated as 1 in 4000. 

173. Fine Structure of Balmer Lines. —So far we have been 
regarding the Balmer lines as if they an* simple geometrical lines, 


* Urey, Brickweddc and Murphy, Thys. Rev., 40, 1, 1932. 
V 41 
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possessing a mathematically definite wavelength. But a little 
acquaintance with spectroscopy shows that every spectral -line has 
some small though finite breadth extending in exceptional circum¬ 
stances over several Angstrom units. The breadth is due to a variety 
of causes : (1) Doppler motion of radiant centres which changes the 
wavelength from X to A (1 zb r/c), where v is the velocity of the 
radiant atom, (2) pressure effect, etc. The broadening can be 
reduced by working at low temperatures and at very low 
pressures. But still a finite breadth persists which has been ascribed 
to natural damping of the atomic resonator. 

Michelson was the first to show that even when extreme care is 
taken to reduce broadening, the Balmer lines show a structure, as if 
they are composed of at least two, and probably of more (‘lose 
components. Michelson found the distance between the two com¬ 
ponents of Ila to be T3A. units approximately. 

On account of the great theoretical interest of the problem, the 
fine structure of Balmer-linos and of the heliurn-lines \ 4(386, and of the 
other members of the series v--4 Juw (1/3 2 — 1 /u 2 ) have been attack¬ 
ed by a large number of investigators with the aid of interference 
spectroscopes of high resolving power (like the Michelson or the 
Lummer-Gehrecke plate interferometer). The subject is too tech¬ 
nical to be described here and reference may be made to the original 
sources.* The usual method is to photograph the lines, and then to take 
a micro-photometric record of the distribution of intensity along the 
breadth of a spectral line. Each individual component of a line is 
theoretically expected to give a curve similar to that in Fig. 7, 



Fig. 7. Intensity distribution along the breadth of the spectral line. 


* See for a critical account, Lau, Phys. Zeits ., 25, 60, 1924; Hansen, 
Ann.d.Physik (5), 78,558, 1925; Kenssler, Ann. d. Fhysilc (6), 7, 225, 
1930. For works on He+-lines, see Paschen, Ann. d. Physik (5), 82, 689, 
1927. A very good account is given in Sommerfeld's Atombau mid 
Spektrallinim (1924), Chap. VI. 
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whicli is a probability curve.* This is due to the fact that 
the radiant centres are moving towards or away from the observer 
with the velocity + r where v varies from 0 to 00 . The wavelength 
is therefore changed from X 0 to X 0 (1+v/c), />., by AX=X 0 r/c. The 
intensity at a distance AX from the centre is proportional to the 
number of radiant centres possessing the velocity r, and according to 

Maxwell's law, this is proportional to e ~^ mv l kT 

Thus the distribution of intensity follows the t law, where 
x = AX. 

The half-width of the line is given by the distance from the 
centre to whore the intensity reduces to half its value ; the half¬ 
width can be shown to be equal to 

= 7 ^2M>TrJ t a - 

where T ~ temperature, A = atomic weight of the radiant centre and 
R •.= gas-co n stant. 

Tin* total area included between the curve and abscissa repre¬ 
sents the intensity of the line. The height may be taken to be a fair 
measure of the intensity. 

When there arc* several components of different intensities very 
close to each other, the curves may overlap if the half widths of each 
line are comparable to the separation. We may thus get a distorted 
curve, and it becomes very difficult to recognise* the individual com¬ 
ponents in such cases, particularly when the components are of 
unequal intensity. 

Fig. 8 represents the intensity 
curve of Ha-line as measured 
and corrected by Hansen when the 
pressure of the discharge tube was 
*2 —*015 nun., and the current 
through the tube was "2 to *04 
amp/cm. 2 , and some oxygen was 
added to the tube. Fig. N. Intensity distribution of Ha UI<fn*en)‘ 

The reason for mentioning these details is that the form of 
the curve is found to vary rather widely with experimental 
conditions. The broadening depends, besides Dopplcr-motion, on 
pressure, presence of electrical fields, presence of foreign gases, 

* See Text-Book of Heat , by Saha and Srivastava, p. 710. 
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etc ..., which produce sometimes sissymmetry of a puzzling nature. 
Very careful work is needed to eliminate all these disturbing elements. 

From the curve given above and others, it can be easily seen 
that in H«, two components separated by a distance AA. t =- , 132 
A.U. can be clearly recognised. The separation is calculated from 
the distances between the two peaks which may be taken to represent 
the centres of the two components. But the curves for the two 
overlap, and both the violet aud the red components appear to be 
assymmetric on one side. This is explained by assuming that 
there are other fainter components, as shown in Fig. 9, which is 
taken from Hansen s paper. Here the experimental curve is shown 
as composed of three component curves of which the middle one is 
almost completely overlapped by the other two. 



Further discussion is postponed till we consider the theoretical 
-explanation of the doubling. 

174. Explanation of Fine Structure of Balmer Lines.— 

The first explanation of the fine structure of Balmer lines was given by 
A. Sommerfold.* Though this explanation has been modified in very 
essential respects, it is important as marking a fresh landmark in the 
history of atomic physics, as this theory gave the first clue towards the 
explanation of the complex features of alkali spectra. A brief sketch 
of the theory is given below, though for a complete exposition the 
notes at the end of the present chapter should be consulted. 

* A SommerfeR Atombau und Spektrallinien (1924), Chap. II, p. 122. 
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SoMMKUFELD's GENERALISATION of Bohr's Elementary 

Theory. 

The orbits of planets round the sun art* generally elliptical; only 
in very rare cases are they circular. In assuming that the orbit of 
the electron round the nucleus is circular, Bohr at first put a restric¬ 
tion on the possible modes of motion of the electron. Sommerfeld 
showed that this restriction was unnecessary. We can formulate the 
motion more generally and take both r and 0 as variable. Since the 
force is central, the orbit in this case is generally elliptic as proved 
in §74 ; the full particulars of motion can be worked out as follows :— 


Let the nucleus be taken as the origin (Fig. 10) and 
position of the electron at any instant. Then we have 
Kinetic energy ~ T =*i nit) 2 -- m {r 2j tr 2 0 2 ) 


- T =.* 
,»2 

Potential energy = — - 


T - J tn (r 2 + r 2 0 2 ) 




0 denote the 


m 


We have 


dT 


dT 


Hir ’ I't) ~ - tnr 2 $ 9 


I'r = ^ 

where p r and p# are known as generalised momenta. 
The equations of motion are 


l L 

dt 


m- ni 

dT 

Zr J 

dr 

Z(T— VH 

dT 

ze J 

dO 


^ 0 


These reduce to 

in(r—r$ 2 ) - 


d 


(nir 2 $) -•= 0. 


e 2 

r 2 ' dt' 

As proved on p. lf)0, it can be shown that, the orbit is the conic 
/ 


(r.e) 


r 


(210 


1 *4“ 8 cos 0 

where the values of / and 8 have to he 
obtained from the initial conditions. 

In the present case, the initial con¬ 
ditions cannot be obtained, for 
reasons mentioned on p. 324, their 
place is taken by the quantum 
conditions . For the case of motion in 
a circle, Bohr assumed the quantum 
condition to be 

p fi = mr*$ 


( 20 ') 


( 21 ) 



Kite. 10. The elliptic orbit. 


nh^ 

2?t 


( 22 ) 
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Sommerfeld, and \Y\ Wilson* thought that this was only a special 
case of the more general quantum condition 

(j)(j) dp. dq = nh .(22') 

where q is the positional coordinate and p the corresponding* momentum 
coordinate, n is an integral number. 

Tlie integiation extends over the whole orbit. When q=6, 

(22 ; ) reduces to Bohr’s condition 

(jxj) d Pn de = 2np fi = kk . (22a) 

because from equation (22), p^ is constant and 0 varies from 0 to 2tt. 

Thus Bohr’s assumption is seen to be a special case of the Sommerfeld- 
Wilson condition (22a). The second quantum condition is 

(j) P r dr — (j) mr dr — u f h . (22b) 

With the aid of equations (20'), {21 f ) and (22), this integral reduces 
to the form 

kh C sin 2 0 d0 , 

2, s! f„+8, .W 

Tin's integral can be shown to have the value — I — 11 

e 2 L\/l-e 2 J 

Hence wo obtain - -i - — 1 = w _ 
n /1 — 8 2 k 

P2 

or e'- = 1 —-... Awl 

(n'+k)* . 

thus the eccentricity of tin* orbit is expressed in terms of the two 
quantum numbers n f and k. 

Further from the theory of central orbits, we have x 
A=2 (rate of description of areas)® 

where p® force on unit mass at unit distance =*e 2 /m f and /®latus rectum of 
the orbit. Also A=r^0. 

Here A M i ( kh \ 2 e 2 

' ( 2jj ?w ) • • . (24) 

The ellipse can now be completely determined if we can obtain the 
value of a, the semi major-axis. 1 his can be obtained from the formula 
(24), and the relation «=*//(l -e 2 )^/ (n'+k)*/k* m 

We have then / —__ / r 2 ) 

4ji 2 e 2 w 

h,2 f.(25) 

fl " J 

* W. Wilson, Phil. May, 31, 161, 1916. 
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i.e., a lias the same value as in Bohr's elementary theory. 

. . e 2 

The total energy = £ (mr 2 + mr 2 $ 2 ) — 

_ _ e 2 _ 2jt 2 e A m 1 , 9 ~a 

2a //*""• (V+A-j*. (_1> ' 

with the aid of (25). Thus if we put a = the expression for energy 

retains the same form as in Bohr's theory. 


175. Summary of the Results. —The main results are : 


8 s„, 

(n* + k )" 


E 


2jt 2 e A m 


h 2 


\ 

W+ti* 


(l =■’- . * 2“2 — 

4jz *e*m 

7,2 

h = . /•* 

h ijtVm L 


(2 n 


If we put n=n r +k, the total energy of the states has the same 
value as in Bohr's elementary theory, but the mechanical interpreta¬ 
tion of the states becomes different. A state (n) with the energy 
— Jlh/n 2 may be due to the motion of the electron in a number // of 
different orbits in which n remains the same, k may vary from u, 
n — 1, .... to 1. 

For example, when n= 2, we have two orbits 
k * 2, n f = 0, e - 0 

k — 1, n! = 1, e “ v:i 2.(26) 

the first of which is a circle and the other an ellipse. The orbit 

corresponding to /c=0 is not possible, for the orbit then becomes 

parabolic. 

For 3, we have three orbits 

k = 3, n f ~ 0, e = 0 ) 

k = 2, // = 1, £ « v'5/3 > .(26') 

k - 1, n* = 2, E-V8/3) 

An orbit which has the quantum number u, and the azimuthal 

quantum number k, is denoted by n k . Orbits for // = 1, 2, 3,4,_ 

are shown in the following diagram (Fig. 11). 

A line like Ha is now seen to be due to the transition of the 
electron from any one of the three 3^. orbits to any two of the two 2 k 
orbits, and the same holds for other lines of the Balmer series. 
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Every Balmer line is thus seen to be composite, consisting: 
of a number of lines possessing equal energies. Thus Ha should 
consist of b superposed lines, but Sommcrfeld showed that tran¬ 
sitions between all kinds of orbits are not allowed, but they are 
restricted by a principle of selection. The allowed transitions are 
those for which 

A/.* « +1. 



Transitions /Sic =0, 2, 3, . . . are not allowed. This is the selection 
principle for azimuthal quantum number, which was first introduced 
empirically, but is explained by the Correspondence Principle, as well 
as by Matrix and Wave Mechanics. 

The Balmer-lines, according to this hypothesis, should consist of 
three superposed components b/, [17/, I \\a as shown below. 

//-2 //=3 

(I 2 2 <- 3;; I 

l> ->i X - 3 2 II 

\ 3! Ill 

Blit the components are not actually coincident, for reason, stated in 
the next paragraph. 
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176. Correction * due to Relativity. —But Sommerfeld* showed 
that the energy-values of the different orbits possessing the same total 
quantum number are equal only to a first approximation, as long as we 
can take the kinetic energy to be imv 2 . But Einstein has taught us, in 
his special theory of Relativity, that the exact expression for the kinetic 
energy of a particle is given by 


K.E. = mj-i f — 1 - 



Using this expression for the kinetic energy, Sommerfeld showed that 
the energy of electron in the -orbit is given by 


W 

m a c 2 


_ cl 2 Z 2 _) 

+ (n'+~y/k 2 -a 2 Z 2 ) 2 i 


where a is the constant quantity 2 %f ,2 /eh, and Ze is the nuclear charge, 
ft is easily seen, substituting the value of e, r and //., that 


a = (7*295 ±_ 005) llr 3 =» ^ nearly. 

Since a is a small quantity, we can put, as a first approximation 
n'+ *Ji { 2~-a 2 Z 2 = n f +k = n 

Then we get. 

H/ __ j (<*Z)*r 2 _ WfZ 2 W 

„ 9 . 7,9 «9 . . . . - 


(27 / > 


which is Bohr’s expression for energy in the /?th orbit. But if we carry out 
the second approximation, vide p. 357. we obtain after some work 


—v 


rite 


RZ 2 , 
n 2 n* 



+ . . . . higher terms.... (28) 



Fig. 12. 


* A. Sommerfeld, Ann . d. Phys n 51, 1, 1910. See also Atomban , Chap. 6. 
F. 44 
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The first term is the usual Balmer term. The second is the correction 
to be applied. 

The quantity a is known as Sominerfeld’s Fine Structure Constant. 
On account of the smallness of the value of a (it is about 1/137), 
the correction to be applied to Bohr’s value of v nk is extremely small. 
But even this small value suffices to give a partial explanation of 
the fine structure as shown below. 

Let Av denote the departure of v nk from the Bohr-value as 
given by (28). The value of Av/Ra 2 for the different orbits which 
give rise to Ha are shown in the following scheme, in which a , h 
represent the two n k levels arising from w=2, and T, II, III 

represent the three n k levels of n=3. A line arising from the 

transition I to a has been called la, and so on for other lines. The 
scheme of transitions has been shown diagrammatically in Fig. 12. 
in which the dotted lines I b , III b . . represent the transitions 

orbidden according to the selection principle. 

Table 4. 


Av , 
nk 

Ra 2 

n *2 


AV «fc 

Ra 2 


j- 

1 1 

2< ' 4 j 


- 3 3 

1 1 
*3* * 4 

i 

I . ” | 

2 4 4 1 

*1 3 * 

1 3 

3« ‘ 4 

n 


. 

1 3 ’ 

1 9 

3 4 * 4 

in 


We have now the following Av^-values for the components. 


Table 5. 


Component 

Av w 

n k 

AX nfc (calcul.) A.U. 

i 

Remarks 

la 

Ra*. ( 0125) 

-00314 

Very strong 

II b 

i 

Ra*. ( 0688) 

-0M73 

Strong 

III a j 

- Ra*. (0121) 

! +00304 

! 

Weak 
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The AX w £-values in the third column are calculated from the 
relation AX=-X 2 . Av. The first two values are negative and the 
third positive. We thus hope to get three components, two of which 
are towards the violet, and the other towards the red side of the 
spectrum. But the latter will be very weak. So neglecting this there 
remains two components, one of which is more violet than the other. 

Let us now compare these figures with the experimental results. 
Referring back to the curve in Fig. 9, we can easily identify the 
violet component with II 6, and the red component with I a . The 
distance between them was found to be AX=*142 A. units. From 
this, we can calculate the value of a, and compare it with the value 
obtained by directly substituting the values of e , c and h. We have 


Hence a 2 


Av 


Ra 2 C0563)- - 


AX 

1 * 


_AX _ _ '142 

/? X *0563 ('(>563) 2 X '0563 X 109674 


5*32X10“ 


or a = 7*290X 10’ * or approximately . . . 

The value obtained by substituting the values of <\ h is 


(29) 


For the sake of 


A\ 


a - 7*295X10 

The agreement appears to be excellent, 
convenience the different 
components obtained from 
experimental results are 
shown separately in 
Fig. 13, in which the 
intensities of the compo¬ 
nents are represented 
approximately as propor- — 0^120 

tional to their lengths. ____ 

The corresponding AX- Eh m Ja n ° 

values are shown below riria ‘* obul “ cd no* H««n’. 

each component. 

But this figure shows a rather strong component on the red 
side of the violet component II b. Calculation shows that this 
exactly corresponds to III b which corresponds to the transi¬ 
tion 8i 2 \ and is forbidden according to selection principles. 
But III 6 is a rather strong line. The red component is also 
assymmetric (see curve), but this is probably due to III a. Further, 


- 0-03/ +0*016 +0*030 
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according to theory, t he red component I a should be stronger than 
the violet II b, but this is not seen to be the case. 

177. Fine Structure of He + Lines. —IIe + -lines possess 
the Rydberg number 4 If corresponding to Z= 2 in formula (7')• 
Hence the separation ought to be 2* =16 times larger than in the 
case of corresponding hydrogen lines. Hence for testing Sommerfeld's 
theor> p of fine structure, Paschen chose the line 

X4fi86 =4 fi Ue .(30) 

Actually the separation is not so’large, as the denominator is 3* 
in place of 2 2 in the series formula. In this case also it was found 
that though Sommerfeld's theory is to certain extent supported, 
certain extra lines occur which are forbidden by the selection 
principle as in the case of hydrogen. The components of IIe + 
according to Soininerfeld’s theory are shown in the following scheme. 


Table <>. 



A Vnk 1 <> 

... ) 

Ra l : 

n^= 4 

] /fa 2 


I 

i 

2 4 1 ■> 

- 4 4 

24 1 

a 


3 4 4 : 


4 4 4 


2^ 3 \ 


j 2* 7 


[I 

M ' 4 ! i$2 Ay; 

- h 

\ 

! 4 4 ’ 12 

i 


m 

*.• 1 3,iv 

3 4 4 : 

- 4-2 

\ 

2 4 5 
i 4 ' 4 

c 


I 1 

j ; 

4 . 

i 

2* 13 

4 4 ' 4 

d 


We have then the following Av nfc values for the allowed 
transitions. 




Table 7. 


Component 


A 'knk A. U. (calc.) 

Remark 

a I 

! 

Ra* (0337) 

-0 04321 

Strong 

/> II 

Rat (1116) 

-0-1430 

Strong 

r- III 

Rat (-3663) 

! -0-1696 

Strong 

f* I 

- Rat (-0287) 

! +0-0368 

Weak 

d II 

- Rat (0549) 

i +0-07038 

Weak 
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These deductions may be compared with following micro- 
photometric records (Fig. 14) of 
the components of X 4686 obtained 
by Paschen and his co-workers, 
hi this ease the investigators 
found that there was good deal 
of difference in the appearance 
and relative intensities of the 
lines according as the discharge 
tube is run by a transformer or 
by D.C. current. The D.C. dis¬ 
charge gave the best results. The 
figure shows a number of peaks 
in the intensity distribution in 
the line* 4686. The peaks stand 
for the components. The x-axis 
represents measurements on the 
comparator. The dispersion 
being known. X for any compo¬ 
nent is known. 

The results are analysed in 



51*5 


520 


\ incredulity 


Fi*. 14. F&Hchen’s miiTophotogram of Ht* 
line (X468.V3 to 4fiS5*9). 


the following table. 


Table 8 . 



X 

observed 

l 

calculated 


Line 

Intensity cal. 

| Intensity obs. 



5*923 

U<1 

9+8 

*575 




*890 

If 

H 

225 




*844 

Ur 

7 + 6 

875 

i 



; ‘837 

L// 

•) 

1 

l 

D 

5*809 

*810 ; 

\„ 

I I 

20 

7 

C 

•711 

710 I 

11 h 

4+5 | 

21*66 

7*5 

B 

f>53 

*514 ' 

Ilk 

12+13 j 

1 33 

1 

A 

•388 

*381 ; 

i 

II \r 

10+11 1 

6*50 

i * 

! 


The letters A, B,... in the first column denote the peaks in curve, 
reckoned from the left. The wavelength of the zero line has 
been taken to be X 4685*8532. The wavelength of I a should be 
X 0 —*0432=4685*810 according to table 7. We obtain from table 8 
kobs. of 1^=4685*809. We find that la, II/>, I lie come out strongly 
as expected, but Hid which is fairly strong, should not , according 
to the Selection Principle, occur at all. Further we get two faint 
■companions to the red side of la, which will be further discussed* 
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The observed intensities are given on column 6. The figures in 
columns 4 and 5 will be explained later. 

178 , These anomalous results in the fine structure of the lines 
of H and He + were first satisfactorily explained by Goudsmit and 
Uhlenbeck* on the hypothesis of “rotating electron”. Their treat¬ 
ment can be understood only after the reader is familiar with the 
technicalities of the alkali spectrum to be described in chapter VIII, 
and with the vector representation of atoms as represented in 
chapter X. But for the sake of continuity, the treatment is included 
here ; it should be read only after chapters VIII and X are read. 

Goudsmit and Uhlenbeck showed that the families of terms in the 
hydrogen spectrum is just like that of the alkalies, /.<?., they consist of 

a doublet ^-sequence l.v, 2,s\ 3.v, 4.v ... with j=*k 

a doublet ^-sequence 2 p, 3 p, 4 p... with /=*•! and § 

a doublet ^-sequence 3d, M ... with j and $ 

a doublet /-sequence 4/ ... with § and 

and the energy values of terms having identical n and /, but 
different /«*, are the same and given by Somm erf eld’s expression for 
the energy value of the >t k orbit. 

Thus we havet 28, = 2P, = 2i 

3P ? -3D f = 3 2 . 

So the diagram showing the transitions should be replaced by the 
following : 


Table 9. 



* Goudsmit and Uhlenbeck, Nature, 117,264,1926; Physica , 5,266,1925. 

.T.ln representing the terms, we are following here the Russell-Saunders' 
notation. 8^ stands for 3 2 Si , where the superscript 2 to the left of S 
denotes that it is a doublet. This has been omitted as it is common to all 
terms, ihc number 3 to the left denotes total quantum number. 
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The actual number of components expected is indicated schem¬ 
atically in Table 10 and Fig. 15. An approximate idea of intensity of 
the lines can also be formed from the nature of the transitions giving 
rise to them, remembering that transitions for which A l~—l give 
strong lines, and A/»:=+l give weak lines. 



Table 10.—Five structure components of Ha 




A. r. 

Intensity 

lines.components 

( kloui. 

Observer 1 

Caleul. 

Obser¬ 

ved 

1«...2P,—3D 5 

V 1 

-0-03314 

-0031 

0 

9 

II6...(2P r 3D ? )+(2S,-3P :1 ) 

—0*173 

-0*173 

7-08 

8*4 

IIa...2P,—3D, 

I \ 

i 

t 

| 

+0016 

1 j 


III* • • • ( 2P^ -3S + )+( 28, -3P,) | 

i 

i 

—0*126 

1-13 

1 

IIIo...2P | -3S v 

+0*0304 

I 

+ 0-030 

18 



We thus see that according to the Theory of Goudsmit and 
Uhlenbeck there ought to be as many as seven components 
in Ha, but a few overlap, leaving us 5 independent components. 
Of these, the last one is due to transition having AA;—+1 and is 
therefore rather faint. On account of great breadth *of all H-lines, 
it is not found possible to separate the components unambiguously, 





352 BOHR’S THEORY OF SPECTRUM OF HYDROGEN [ VII 

but the presence of III// is unmistakable. The calculated and observ¬ 
ed values of Ahnk and intensities are shown in columns 2 and 3 of the 

last scheme (Table 10). From these results the explanation given by 
Goudsmit and 1 Thlenbeck is found to be corroborated beyond doubt 

We can explain in a similar way the occurrence of extra com¬ 
ponents of l 4t)8(> of He 4 * in Paschen's microphotograph. We find 
now that the* real scheme is :— 


Table IL 

//=:> w=4 



instead of table 6 on p. 348, so that the number of components are 13. 
Tahir 12.—Fine structure components of He + 4B86. 


Identification 

' 

A link (A. U.) 

Intensity 

Calculated 

Observed 

Calculated 

Observed 

* I...D, - F, 

-•0432 

- 0442 

20 

7 

b n...(D f -F t )+(P f -D # ) 

-1430 

-•1422 

2166 

75 

C III...(P } -D f )+(B,-P,) 

-•4696 

-•4652 

6-48 

3 


-•016 


i 

• •• 

b 

K» 

! 

+ •0368 

! 

+ •0488 

•22 

2 

« a . . . (Djj - )+(!>;;-Dp 

i 

| --009 


•875 

... 

</ II...(Dj - Pp + lPj-S.) 

+ •07038 

i 

•57 

0 

- S, )+(S, -Pj) 

-•309 

-•300 

1-335 

1 
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These components are diagrammatically shown in Fig. 16. 
Thus theoretically, as many 


as 13 components may exist of 
which a few overlap. Six com¬ 
ponents are distinctly observed. 
The calculated and observed 
values of wavelengths A La-, and 
intensities are given in columns 
2, 3 and 4, 5 of table 12. 

The agreement is again 
quite satisfactory, inasmuch 
as the theory accounts for all 
the observed lines both with 
respect to their wavelengths as 
well as their intensities. 


-' g ’i* 

1 p >h 

- s, h 

m* itt. The components of He+468f> according 
to the spin-theory. 


}rr,, 

y D, u 

JD 

\ p >i, 

I Pn, 

Si I, 


179. Intensity of the Components. —The treatment of the 
problem becomes incomplete without a discussion of the relative 
intensities of the components.* The subject of intensity will be 
taken in a later chapter, but a brief 'resume may be given here. The 
Ha-line consists of components which can be shown in the following 
multiplet form. 



Thus of the 7- theoretical components of Ha those marked 


1, 2, 4 
5, 6 
3, ( 


form a pel- multiplet 

sp- 

... ps- 


* Saha and Banerjee, Zs f. Phyt 68, 704, 1931. 
F 45 










354 BOHR’S THEORY OF SPECTRUM OF HYDROGEN [ VII 

The relative intensities in any multiplet are given by the 
numbers within each small square. Thus for the three /xMines 

P,- D, , P,- D, : P,- D, - 9 1 : 5. 

according to the Ornstein-Dorgelo* rule (ride infra). 

But we cannot form any precise estimate of the intensity of any 
line unless the relative values of the intensities of each multiplet 
are known. These have been calculated in recent years with the 
aid of quantum mechanics. The units of intensities in the three 
multiplets are to each other as 

2p-M : 2s -3p : 2p-3s 
1 : 1*04 : ‘09 

This enables us to calculate the relative intensities of the 
various separable components as shown in the table below. 


Table 13. 


1 

| 

Line. 

I Line in 

I multiplet. 

! i 

Intensity. 



Chief red component 

Ia 

| 1 

9x1 

1 

9 

Chief violet compo¬ 
nent. 

lib 

1 

4+5 

5+2 (1-04) 

r* 

7*08 


I Ub 

6+7 

1(1 04)+lx 09 

= 

ns 


II a 

2 

1 

1 

= 

l 


Ilia 

1_ 

3 

•2X’09 

= 

•18 


Most investigators, contrary to the above calculations, have found 
the violet component of Ha to be stronger than the red component. 
Otherwise the presence and intensity of III6 is well-accounted for. 
Ila and Ilia are too close to each other to be distinguished. 

Recently this problem was investigated by Keussler in absorp¬ 
tion. He finds that the red component is more strongly absorbed 
than the violet component, and the ratio between the absorption 
coefficients is *76, whereas theory requires 7*06/9—*78. The 
apparent weakening of the red component in emission appears to 
be due to self-absorption. 


* Ornstein and Lindeman, Zs. f, Phys., 67, 1, 1931. 
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The He ' + - line A 4686 .—We shall now discuss the intensities of 
the components of the He + line A 4686. These form five inulti- 
plets as sketched in the following diagram, and their relative intensi¬ 
ties are shown below. 


Ill 


II 


r l 

The units of intensities in the different multiplets are : 

3 d—if : 3p — id : 3s-ip : 3d-ip : 3p — is 

1 : *85 : Til : *025 : *225 


Table 14.—Intensity of lie* A. 4686. 


d a b a 


I 

1 

B * 

p * 

“7 

\ 



Da 


P i 

' s i 


12 

1 

in i 

2 '■.| 





p * 

13 

1 '. 



5 

10 




I\ 

■r 

~~i 8 

2 : . 



1 

6 

.T'5 

9 ! 


j 

D ; , 


j- -,- 9 -| 

; 5 ■. 

: 7 

1 ; . 



_ 

; 4 
14 ! . 


D fi 



: 3 
9 


! 

i 

: 9 

1 1 . 

1 TT 

20 : 


So the intensities of the components are as follows: 


I a . 

...IX 

20 

*=20 

II b . 

...IX 

14 + ‘85 X9 

=21-65 

IIIc . 

. . . -85 X 

5 + 111X2 

= 6'48 

I h . 

. 


= 1 

Te . 

... 9 X 

•025 

= ‘225 

lie . 

...IX 

’025+1 X'85 

= ‘875 

II tf . 

. . . 5 X 

*025+2 X‘225 

™ ’575 

Ill d . 

...IX 

•225+111 

= 1‘335 


These calculations are given in column 4, 5 of Table 8. The 
results are in very good agreement with observed values. 
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180. The Fine Structure of Hydrogen Lines.—According 
to the special theory of relativity, the kinetic energy of a particle is given by 

T - .w 

Hence the total energy IV of the electron is 

r i i p*z 

—-ij-- . . . m 

For simplification, let us use E — IV + m 0 c 2 . Then 

p_ w 0" 2 /., 9 A 

E ~ Vi-p "V. ^ 

, 1 E + c 2 Z/r 

whence —=-—~ 

2 w 0 C 2 . K ’ 

Again, we have ;/ -■= mr, p ■* mr 2 0 .(B4) 

Hence ?; 2 = f 2 4-r 2 0 2 = ( V>: ] -f (. ? )fi \ 2 

V m / l mr / 

» p- -2 - M"-‘ + £]■■■ w 

The quantity m in this formula is the relativity mass «> m 0 /l 
Hence we have from (35) 

rp =1++ 70 

From (32'), and the last expression, we obtain 

-d~A E + el r) 2 - 1+ 

/ „ , 62 Z\* 

« 2 I A + - ] 

or ^ 2 + ^- = -- 2 ~^- W0 2 C 2 ... (36) 

Let us now introduce the quantum conditions 

R-tt, | Prdr “ n'h . . . . (37) 

The first reduces to p fl =. kh/2n. Substituting this value of pg 
in (36), we obtain 

^ - A + T + W .(38) 

where A ^ w 0 2 c 2 , 5 - fi 2 Z ^, (7 -^ (*2 - a 2Z 2 ) (39, 
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where a is the constant 2Jt e 2 /ch (Sominerfeld’s fine-structure constant). 
From the second quantum condition, we have 


o 


/)>• dr — n'h 


ie % 


<j> J A + y + % - H ' h 


The integration can be effected by the method of residues. We 
obtain: 

n'h = -2jwJ s /(?- 

Substituting the values of .4. Zi, C, we obtain 

—7T~ = a’A n '+ ).(40) 

From this, we obtain, after some work, 

!r -’«’[f ,+ (^iS->]•■• («) 

We find, as a first approximation, that 

W - - I m t etg *Z* 2*2 m„e*Z* 

2 (»'+*)*' ~ {n' + lcjWa . < 41 > 

as obtained in the simple theory. 

Let us now carry out the second approximation. We notice that 
n' + -J/ci = in' + k) ^ 1 - 

and (n'+ v/O-azi^' * = 1 + 

and E = m 0 c* { 1 + 4 .... (42) 


This is of the form (l + P + yi - ^, where P, is of the first order, 
Y is of the second order. We have then 

(1 + P+Y)-* - 1—ip + J P 2 —ly 

— iP?n 0 c 2 gives us the expression (4l ; ). 

The second order term is 


fP 2 -iY 


R halZ* (n _ 3 \ 
n 4 > k 4 ' 


which is the second order term in (28). 
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Hence we have 

_ 2jr 2 m 0 c 4 Z 2 Rha*Z*(n 3\ mnX 

W +*) 2 \ fc ~ 4 / ’ ‘ ‘ ' ' 

This expression has been quoted on page 345 and is suitable for 
practical use, as shown in §175. 

181. Orientation of the Kepler-Orbits.* —In §174, it was 
supposed that the motion of the electron was confined to one parti¬ 
cular plane (r, 0). This condition 
is unnecessary. We can suppose 
that the co-ordinates of the 
electron are (r, 0, qp) as shown in 
Fig. 17. AKA' is the orbit of the 
electron, OP the external axis. 
Q denotes the position of the 
electron in the orbit at any time. 
It has the declination angle n/2 - 0, 
and the right ascension qp. ON 
is the normal to the orbit of the 
electron, ^PON=a is the tilt 
of the orbit to the equatorial 
plane E'KE. Then we have 
e 2 



Fig. 17. Position of an electron in the 
(r, ft, <f>,) diagram. 


T = i m (r 2 -H’ 2 0 2 -f r 2 sin 2 0 qp 2 ), 


V = -- 


mr. 


p e =■ mr 2 Q y pQ = mr 2 sin 2 0qp 


! 


T can also be written in terms of the p’s as 


2m [/V 


2 + 


Pj_ 

r 2 




r 2 sin 2 0 


It is also clear that 

T = i \p r r + p 9 $ + qp | 
The quantum-conditions are 


(28) 

(29> 

(30). 


(j) P r dr 

= n'h, 

j) p e d0 = k\h, 

i 

) V<p dtp - k 2 h, 

The limits are for 

r from . 

• • r min 

to 

r max and back, 


qp from . 

..0 

to 

2 Jt 


0 from . 

• • ^min (PA) 

to 

*niax ( PA ') and back. 


* See A. Soinmerfeld, Alombau und Spektrallinien (1924), Chap. 2 r 
p. 139. 
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We thus see that in place of k , we have k\ and A; 2 . It can be shown 

tii at 

k =» k\ 4- .(31) 

To see this, let us suppose that the actual orbit is in the plane OA 
which makes an angle of a with the equatorial plane. Then we can refer 
the motion of the electron to r and ip, where ip represents the angle 
described by the radius vector in the plane O A A*. Now we have 

(j) I') # = M .(32) 


Now since T = l (p r r+ p e 4 + <P) =* 1 (P r »' + /'* <j>). 

we can put Pq = pfi 0 + Pq 

V*** f.""" 

the limits being defined as before. 

Now p^ is the whole momentum in the orbital plane, and p^ its com¬ 
ponent in the equatorial plane. Their vectors are perpendicular to ON 


and 


(j) V* H - j) V e ( W + (j) 



and OP respectively. We have therefore: 



P<p ** V+ <*>» 

ta — PON 


or from (33), 

k = A’i + A; 2 , 

A: 2 = k cos a 


Thus 

k 2 

008 a “ ki + k 2 ’ 

k\ 4- A: 2 = k . . . 

• • (34) 


These mathematical considerations show that the orbits cannot be 
orientated at random, but only at definite angles given by cos- 1 A; 2 /(Asi 4-Ar 2 ) 
to the external axis. When k is given, k 2 can have all integral values 
below k , i.e.j A’, k — 1, ... 0 . ... —k. Hence a is given by 

cos’ 1 J — 0, cos- 1 cos“ l 0 -J,... «»-i (-l)==Jt 


as shown in Fig. 17a for L = 1, k «-■ 2 and k = 3. 





k -1 k^2 £*= 3 


Flur. n«. The. orientation of Kepler-orbit*. 

The energy of the orbit of course remains unchanged. Strictly speaking 
the orbits AKA' and EKE' in Fig. 17, and the others shown in Fig. 17a 
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should be con focal ellipses with the external orbit passing through their 
common focus. But this does not alter our arguments given above. 
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CHAPTER VIII 


SPECTRA OF THE ALKALI METALS—THE DOUBLET 

SPECTRUM 

182. General Description. —Next to hydrogen, the spectra 
of the alkali atoms are the simplest in structure. It has been found 
that amongst themselves they show a strong family lilceness. Hence it 
will suffice to describe only the spectrum of sodium whose structure 
will be clear from the photograph shown in Fig. 1, Plate VI. 

An examination of the photograph shows that a large number of 
lines in this spectrum occurs in pairs . Hartley showed in 1890 that the 
wave-number difference between the two lines of a doublet is constant, 
viz., 17 in the case of Na. This is also a characteristic feature of the other 
alkali metals and of many other elements; generally this constant 
frequency difference increases roughly as the square of the atomic number. 

Further scrutiny of the spectrum of sodium shows that the doublets 
are alternately sharp and diffuse . They can therefore be separated into two 
groups as shown in Fig. 1 under the heading sharp and diffuse. As a 
first step towards the analysis of the spectrum, Rydberg separated the two 
groups, sharp and diffuse, as shown in Table 1 on the next page. 

Next, the frequencies of the longer member of each pair in the 
two sets were plotted against successive integral numbers, beginning 
from w=2, as shown in Fig. 2. It was found that both the sharp and 
diffuse sets tend to come to the same limit. 

From the form of the curve, Rydberg suggested that the lines 
of the sharp series may be represented roughly by a modified Balmer 
formula 

Vl = Al ~ ’ v * = Ai ’ (T-R 5 . (1 > 

where n is the running integral number, viz., 3, 4,.. and s is a 

fraction which was found to be roughly 0'643 for sodium, and the- 
constants were found to have the values 

At - 24475'65, A s - 24492*83, A, - At - 17*18. 
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SPECTRA OF THE ALKALI METALS 

'labile 1 — Sharp and Diffuse Linos of Sodium. 


n 

v 

Sharp Series 

Av 

V 

Diffuse series 

AV 

2 

8766-3 

8783-1 

16-8 

12199-5 

216-6 

17-1 

3 

16227-4 

16244-5 

17-1 

17575 3 
592-5 

17-2 

4 

19398-3 

19415-5 

17-2 

20063-2 

20080-3 

17-1 

5 

21038-4 

210556 

17-2 

! 

21413-7 

21430-9 

17-2 

6 

21995-0 

22012-2 

! 

17-2 

22227'1 
22244-2 

j 

17*1 

j 

7 

22601-2 

22618-4 

17-2 

22754-8 

22771-9 

17-1 

8 

23009-6 
23027 1 

I 

17-5 j 

23118-7 

231353 

1 

16-6 

9 

23300-3 

23317-1 

16-8 

23377-0 

233940 

17-0 


This formula may be regarded as a generalization of Balmer’s 
formula for hydrogen. Rydberg showed that Jl has approximately 
the same value in both cases, m., 109678 cm." 1 

The lines of the diffuse series are represented by an analogous 
formula:— 

Vl “ Al ~(n£d)" V * ~ ~ (»+«*)• • * • (2) 

where A i, A 2 have the same values as in the case of sharp series , 
d is another fraction whose value is 0'998 for sodium. 

•These two series include most of‘the lines, but a group of strong 
lines including the strongest lines Di, D 2 and the lines-X 3303, 2852* 
are found not to be included in the* above formulae'as shown in-Fig.* 1 
though the frequency difference of the two D-lines is just 17. For 
the other lines, Av progressively diminishes. These lines are taken 
in a later section. 

The Rydberg-Schuster Law .—For every other alkaline element, 
the characteristic lines can be grouped into sharp and diffuse series 
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as in the case of Na, but Av increases with the atomic number. We 
have in fact for 

Li Na K Rb Cs 

Av = 3 17’3 577 237*5 554*0 

For lithium Av is so small that the lines appear single unless 
high resolving power be used. In lithium also, we have, besides 
the series of sharp and diffuse lines, a strong group of lines 
including the strongest line X 6708 which could not be classified. But 
Rydberg and Schuster observed that if in the formula for sharp 
series* for Li 


v = At - 


R 


_ nofiniM _ 1 0972 1*6 
286011 (n+*5951) 2 ’ n 


2,3.. 


1 (re+s) 2 

we give to n the value 1, we get a frequency 

v = At - = 28601*1 - 43380 - - 14779 . . (3) 

The inverse of this frequency is 


X = 147^9 A “ 6766 A * 


* For Li A - 286014, s - '5951, d = -9974. 
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Allowing for the roughness of the formula used, Rydberg and 
Schuster felt convinced that 'the principal line of lithium X 6708 
formed the negative member of the sharp series , 

~ X6708 = A ~ (1+s) 2 . (3#) 

We may now invert' the formula, and regard \ 6708 as the 
leading member of a new series 

_ R 

V (1+s) 2 (n+p) 2 ’ 

where p is so chosen that R/(2+p) 2 = 28601, the convergence limit 
of the sharp and diffuse series, p is found to have the value — *0424. 
The other members of this series are obtained if we give to n the 

values 3, 4, 5, 6,. They give us approximately the lines 

which are not included in the sharp or diffuse series, vi%., \ 3232, 

1 2741 ., which form a new series. This is known as the 

Principal Series for reasons stated later. 


183. The Families of Terms in the Alkali Spectrum.— 

Summarising the result in the case of lithium, we find that the 
oscillation number of each line can be regarded as in the case of 
hydrogen as the difference between two terms 

v = T x -T 2 .(5) 


The terms can be represented approximately by the general 
type of .formula 


T - R/{n+(p) 2 


where R is the Rydberg number, <p is a fraction characteristic of the 
series and the element, and n is the running integral number, which 
starts with 1, 2 or 3 and can take up all successive integral values. 
For an alkali element, we*have a number of characteristic values of 
<p, giving us different families of terms. For Lithium, we have the 
families 


ns =■ 

a 

R 

(«+.<?) 2 

(«+*5951) 2 ’ 

np = 

R 

R 

(n+p) 2 

<M 

o 

p 

’l 

£ 

1 

nd 

R 

li 

( n+d ) 2 

U--0026) 2 ’ 


»-l, 2, 3,.. 
ft—2, 3, 4,.. 


( 6 ) 


ft=3, 4, 5. 








§183] 


TERMS IN THE ALKALI SPECTRUM 


365 


The formulae are only approximate. For better representation, 
a Hicks or Ritz type of formula (vide infra) involving more constants 
is preferable. 

Following Paschen, it is usual to denote a term by the symbol 
nx. Thus 4 p denotes the fourth member of the p-series which is 
approximately represented by ii/(4+p)*. 

It is clear that in the case of alkalies Is is the biggest term. 
The principal series is represented for lithium by 


v 


Is - np 


R 

(l+s)* 


where s — ‘5951, p— —'0404 
The sharp series is represented by 


v — 2 p- m 


R 

(3 +P? 


R 

(' H+P )*’ 


R 

(«+s)* ’ 


n = 2, 3, . . (7) 


2, 3, 


. ( 8 ) 


The diffuse series is represented by 

’-♦■x-W'-jSjr, <*-3,4, . . (9) 

In the case of the other alkali elements the same laws hold good, 
only the p-terms are double, *.c., we have two close sets of terms 


Ji _ _ E _ 

U+Pi) 2 ’ (n+p 2 ) 2 

which are represented by the symbols npu up 2 * 

Av==R [(2+pTP " (2+^7) 2 ] 


It is the difference 
.( 10 ) 


which give the spectra their characteristic doublet appearance. 
Lithium is also no exception, the p-terms are double, but Av is very 
small being equal to 3. Hence it was neglected in the preliminary 
discussions. Closer investigations shoved that the d-terms are 
also double, but the difference is small except in the case of the 
heaviest elements. For Cs, 3 d! - 3tf=98, for Rb it is 3*0 (for 4d' — 4d), 
and for K, the difference is 2*74. 


It has already been mentioned that the formula used for representing 
a family of terms, say ns — RI(n+$) 2 ... is only approximate. For 
accurate representation, many other types of formulse involving a larger 
number of constants are used. 

Before the reader can fully grasp this point, he should have a good 
acquaintance with the methods used for calculating the absolute values of 
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terms. For details, A. Fowler’s Report on Series in Line Spectra 
(Chapter V) should be consulted, but some rough idea,s of the procedure 
may be given here. 

It is clear from the series representations, that if we can fix up the value 
of any single term of the atomic spectrum accurately, the correct values of 
the other terms can be easily found. For example, in the Sharp Series we 
have 

v for a line = 2p\ —ns or 2p 2 —ns. 

So if we know either 2p\ or 2 p 2 correctly, we obtain 

ns = 1,2 - v 


Hence from the value of the wavelengths of the members of the sharp 
series, the absolute value of all ns terms can be calculated. Similarly, if 
we can trace the successive members of the diffuse series, the nd~ terms also 
can be obtained. 

Convergence Frequency . —Let us now see how the absolute values of 
2p\ or 2 p 2 or any other term can be accurately calculated. It is easy to see 
that this can be done the more accurately , the larger is the number of series 
lines known. Suppose, we can trace the 2 p—ns series up of Na to the 
10 th line. Then we have for 

v = 2p j —12.9 = 23797; 2 \ Pl = v+12* 


Hence 


R 109678 
(12+s)2 = (12+65)2 

2p t = 2:3797 + 679 = 24476. 


679 


A slight error in the value of s does not change the value of 12.v 
materially, as it is added to a large integral number. Hence the value of 
12s as given above may be taken to be nearly correct, ‘s’ is obtained from 
a preliminary Rydberg representation, and may be improved by successive 
approximations. 

In most of the alkali elements the term-values were calculated with the 
greatest accuracy by S. Datta who measured the wavelengths of the sharp 
and diffuse series to a large number of members. But this is not possible 
in most other elements. In such cases the absolute values of terms are 
to be calculated from a few sequences, and are liable to large errors. 

Representation of Terms. —We have mentioned that the Rydberg formula 
represents the terms of a family only roughly. We give below a few of the 
numerous other more .accurate formula? used. 


(a) Ritz used formula) of type 


(»+»+£) 

and certain other variants of this formula. 


(n) 
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(b) Hicks-MogendorfF: 

- . 04 


("+“+ Tr)’ 

(c) Fowler and Reynolds : 


T 


( 


II 

n+a+ & + 


TV 

m2 ) 


• • (13) 


^ A complete account will be found in Fowler’s Report on Series in IAne 
Spectra , Chap. V. 


184. The Bohr-diagram of Optical Levels of Alkali Ele¬ 
ments. Bohr represented the levels of alkali atoms by a diagram 
which has become indispensable for a proper understanding of the 
quantum theories of spectral lines. This is shown below in Fig. 3. 



Fltf. Bohr-dia^ram for sodium. 

Note.— .The uppermost horizontal line contains the family of 
.s-terms, beginning with n= 1. The next two contain the families of two 
/;-terms. Here n . . . begins with 2. The fourth horizontal line contains 
the (/-terms beginning with n-»3. This ought to be shown double. The 
lowest line contains a fresh set of terms, called fundamental terms . There 
is however nothing fundamental about them and the notation is a misno¬ 
mer. These terms were inferred from the existence of a set of lines in the 
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infrared discovered by Runge and Bergmann in the spectra of alkali 
elements ; they can be represented by the series formula 


R 

V (3+d)2 


R 

(4+/P 


or 3d—4/ 


where f is a very small fraction. 

The symbols to the left of the figure are due to Paschen, Russell- 
Saunders, and Bohr. Paschen’s notation has been already explained. 
The other symbols will be explained in due course. 

The abscissa represent log v and has been drawn to represent the 
levels of sodium. The diagonal lines represent observed combinations. 
It should be noted that 5-terms combine with p-terms, but not with another 
5 or d-terms . . . . , p-terms combine with 5 or d-terms, but not with p or 
/’-terms. 


185. Importance of the Principal Series. —The lines form¬ 
ing the principal scries are not only more intense than lines 
belonging to the sharp and diffuse groups, but they possess another 
characteristic property which distinguishes them from the lines of 
other groups. When an absorption spectrum is taken through the 
vapour of the element, it is only the lines belonging to the principal 
series which come out as absorption lines. No lines belonging to the 
sharp or diffuse series occur in absorption. 

This was demonstrated in a large number of experiments 
carried out by R. W. Wood*, Bevanf, and S. Dattai and others. 

In these experiments, the metal is contained in a steel tube of 
about a meter in length which is closed at the two ends by quartz 
plates. The ends are watercooled, and the body of the tube is heated 
electrically by wires wrapped round it on asbestos sheets. The 
pressure is maintained at a few mms. of mercury, and can be varied 
at will by varying the temperature of the heating coils. A source 
of continuous light ( e.g ., an arc fed with boron oxide, or uranium 
oxide, or a water spark) is rendered parallel by means of a lens and 
allowed to traverse the column of vapour and received on the slit of 
a quartz-spectrograph. The resulting spectrum appears as shown in 
Fig. 4, Plate VI. 

Only the principal lines are absorbed, but none of the sharp 
or diffuse lines. 


* R. W. Wood, Astr. Jour., 29, 97, 1909; R. W. Wood and R. Forfcrafc* 
ibid. 43, 73, 1916. 

f Bevan, Proc. Roy . Soc. A , 86, 58, 1911. 
t 8. Datta, Proc . Roy. Soc . A % 101, 542, 1922. 
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186. Explanation of the Ionisation Potential of Alkali 
Elements. —Bohr had shown how to interpret these results with the 
aid of quantum mechanics. An alkali clement like Na comes after an 
inert gas, Neon in thiscase. These elements further possess the valency 
unity, and can easily lose one electron and acquire a net positive 
charge. From these features, it is supposed that the electrons are dis¬ 
tributed about the nucleus as shown in the following diagrams 
(Fig. 5). 



Thus the core of Na consists of a nucleus of charge 11, sur¬ 
rounded by two shells of electrons consisting of 2 and 8 electrons 
respectively. The eleventh electron is at an outer orbit, at a much 
greater distance. This electron, by its motion is supposed to give 
rise to the families of terms discussed in §183 

It is clear that the dynamical problem of working out the motion 
of this electron in the field of the core is an extremely difficult task, 
and it has not yet been rigorously solved. But the diagram gives us 
a picture of the various stationary states. It is clear that - h (Is) 
is the energy of the electron in its innermost possible orbit, when 
the atom is unexcited, just as -/?. E/1 2 is found to be the energy of 
the normal H-atom. When the electron is excited, it passes to the 
higher families of orbits sketched in Fig. 5. 

F. 47 
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We can find oat as in Chap. XTIT, the ionisation-potential of the 
normal sodium atom. We have 

Is = 41449 = 5‘J 2 volts 


/>., if to the valency electron of the sodium atom, we can add an 
amount of energy corresponding to 5‘ 12 electron-volts, the electron 
will pass to infinity, />., the atom will be ionised. 

The ionisation of sodium can be effected either by electron 
bombardment {vide chap. XIII) or by light when photons possessing 
an energy content hv where v>convergence frequency of the //-series 
is allowed to pass through the vapour. The quanta of light release 
the valency electron by photoelectric action. We get 

Nh + hv — Na + + e .(14) 


The electron is released with the energy // (v — v 0 ). 

This gives rise to continuous absorption beginning at the 
end of the p-series, and was obtained by several investigators. 
The absorption is maximum at v = v 0 and gradually becomes 
fainter. 

It is clear that normally all sodium atoms are in the l.s-state ; 
when the temperature is raised, some will pass to the higher states, 
their proportion is given by the Maxwell-formula 


(h - c/kT 

N - f/l N 0 e 

f/o 


( 15 ) 


where e = energy-difference between the two states, g t and g 0 are 
weight factors {vide infra). We have go ^2 for the normal orbit 2 S } . 


For *P^ (2 p 2 ) gi = 2, for 2 P* (2 pi) g t = 4. 

For the 2pi-state of Na, e = - h {2pi), so that for the excitation 
from normal to 2p,-state, e = h |(ls) — (2pi)], i.e., corresponds to 


Jl 5890 - 2'095 volts 

N 


■■ 48'33 k. cal. Also g 0 = fh 


Hence 


hi 


Vo 


4833X10 8 
1*985 XT 


2A34 X 10 s 

T 


Therefore, at a temperature of 600*, only r ~ 4011 or 2"3X10"' 8 frac¬ 
tion of Na-atom is in the 2p-state. 

Hence when continuous light passes through Na-vapour, only such 
pulses are absorbed which can raise the electron from the l.s to any 
allowed higher orbit. Hence only Is — np lines, or lines forming the 
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principal series are absorbed. As the number of atoms in the 2p- 
state is negligible, no 2p — us, or 2p — nd lines are absorbed. But if 
T be sufficiently raised, say to 2000°K, V/Vo==5’2.10" 6 and we can 
expect absorption of 2 p-ns and 2p — nd lines. The absorption of 
2 p — nd -lines of sodium was first observed by N. K. Sur and 
R. N. Ghosh.* 

We shall now discuss how the motion of the electron gives rise 
to different families of terms. The explanation was first given by 
Sommerfeld. 

187. Sommerfeld’s Interpretation of Families of Terms.— 

We have seen in Chap. VII that the motion of the electron is char¬ 
acterised in the case of hydrogen by two quantum numbers n and h\ 
Sommerfeld showed that terms belonging to a certain family are 
characterised by the same value of /, . 

Thus for the ,s -family , /«• = 1 

p - . .. , /.• - 2 

A - ... , /.- — » 

... f - ... , k — 4 . . . etc. 

e.g., the term op gives the energy of the 5 2 -orbit, Id gives the 
energy of the 7 * -orbit, etc. 

Selection Principle .—To explain the observed combinations and 
absence of other possible combinations Sommerfeld proposed the 
rule, that when once the electron is 9 in an. excited orbit\ it can pass 
by emission of radiation only to such orbits for vhich A/r=+I, or 
the azimuthal quantum number changes by unity. Changes corres¬ 
ponding to A k^O, ±2 are forbidden. Thus for the 

principal series ls—np, Ak =* — 1, (k = 2 to k 1) 
diffuse . . • 2 p—nd, Ah =—1, (k = 3 to k = 2) 

sharp . . . 2p — ns, A k ** + 1, (k = 1 to k ** 2) 

Generally the lines arising from the transition AA* 2 ® —1 are 
stronger than those arising from AA*=1. 

The principle explains the absence of combinations like Is - ns 
or Is — nd. In the first case AA:=0, in the second case AA <==, 2. 

Fmbidden Lines .—It is however found that lines corresponding to 
AA*=0 or ±2 occur feebly under special circumstances, e.g ., when 


N. K. Sur and R. N. Ghosh, Phil. Mag.. 49, 60, 1925. 
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the emitting centres are in a strong e. s. field. One example 
of occurrence of Is — nd lines may be found in S. Dattars absorption- 
experiments. Such lines are said to be due to forbidden tvfiusifaous . 

Though the selection principle was introduced as an empirical 
measure to explain observed facts, it later on received theoretical 
justification from the correspondence principle (vide in fra)* 

188. The Doubling of the Levels. —Though Sommerfeld's 
theory successfully accounts for the occurrence of different families 
of terms, it gives no explanation of the doubling of the ^-levels 
which imparts to alkali spectra their chief characteristic feature. 
As mentioned before Ap=2pi -2 p 2 increases with the atomic weight 
as can be seen from curve in Fig. 7, in which Av-values are plotted 
as the ordinates and the corresponding atomic numbers along the 
absciss®. The appearance of the principal lines Is — 2p%, l.s~2/; 2 


600 

* 

500 
400 
300 
200 
100 

0 10 20 30 40 50 60 

Atomic Number 

Fig. 7. Variation of doublet separation with atomic number. 

in absorption for alkali elements Li, Na, K, Rb, Cs is shown in the 
photograph in Fig. 8, Plate VII. The black lines are the absorption 
lines, while the bright lines are due to the source. It will be noticed 
that the separation between two absorption lines of each clement 
strikingly increases as we pass from Li to Cs, i.e ., with increasing 
atomic weight. 

The other /;-tcrms are also double, but the difference 
A v - (n+p 2 ) t ] 

goes on decreasing on account of increasing values of n* For the 
second member X 3303 of the p -series of Na, Av^=5*49, for the third 
member X 2852, Av=2'49. 
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Similarly, it has been found that the d and /’-levels are also 
double, but the separations Table 9 

A d, A f are extremely small, _'_ 


and become apparent only in 
the case of Rb and Cs. For 
Cs, Ad=97*9. But the combi- 


2 pi 

19672-3 

20226-3 

nations between the p and 

M 



rf-terms are somewhat pecu¬ 

108071 

2865-2 

X 

liar. We do not get four lines, 

M' 



but three, as shown below for 
Cs. An explanation of this 

16905-0 

2767-3 

3321-3 


fact will be given in Chap. X. 

Summarising, we may say that terms of every family excepting 
the s is double, and this feature lias not yet been accounted for (ride 
('hap. X). It is usual to distinguish the two terms by attaching nume¬ 
rical subscripts to them as in p l9 p. 2 (pi <p 2 )• This is the old notation 
followed by Fowler and Paschen. Similar notation is also used to dis¬ 
tinguish between the two components of the d and /’-series of terms. 
When we consider spectra of more complex elements, we shall see 
that the splitting of terms still further increases. Thus in calcium 
and other two-valence elements, each p, d and /-level is triple and is 
denoted by (p u p 2 , jh), (d u d 2i rfs), etc. (rale further Chap. IX). 

The doubling of the />, d, /'-levels in alkali spectra is sometimes 
known as the Duplicity Phenomenon . 

189. Spectra of other Elements. —We have seen that the alkali 
metals which arc similar in their chemical properties possess similar 
spectra. This correspondence between chemical properties, and 
spectra is found to lx* general. Elements belonging to the same 
group in the periodic classification possess similar spectra. Thus 
Be, Mg, Zn, Cd and TTg and to a certain extent Ca, Sr and Ba which 
are all divalent and possess similar properties are found to possess 
very similar spectra, as described in Chap. IX. Similarly elements of 
the third group, comprising B, Al, Ga and In which are tnvalent , 
show quite similar spectra. 

Elements Possessing Alkali-like Spectra—Enhanced 
Spectra of Alkaline Earth Elements 

Before taking the general case of spectra of elements, we shall 
give a brief description of certain spectra which are remarkably 
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similar to the spectra of alkali metals. These are the u Enhance*! 
Spectra ” of alkaline earth elements which were first intensively 
studied by the astronomer Sir Norman Lockyer. 

Long before the discovery of the electron, Lockyer, guided by 
his experience of the spectra of different classes of stars, had put 
forward a hypothesis that the nature of the spectrum of an element 
teas not inrariahte , hut raried irith the stimulus. To make matters 
. clear, let us take the spectrum of calcium in the flame, the arc, and 
the spark as shown in Fig. 9, Plate VIL in the flame, the excita¬ 
tion is lowest, in the arc it may be said to be average and it is 
highest in the spark. The excitation may be rendered still higher by 
putting a number of condensers in parallel with the spark (method 
of condensed discharge) which enables more electrons to pass through 
the gas and break it up thoroughly. Lockyer found that certain 
lines of calcium are peculiarly sensitive to excitation. In the flame 
the strongest line is the (/-line of Fraunhofer \ 4227, while two other 
characteristic lines, ri\. — the H, A 39(18 and the K, A.3934 are rather 
faint. With increase of stimulus, the H and K line are relafireh/ 
more intensified than the g. In the arc, they are almost equal in 
strength, while in the spark the TI and the K an* much more intense 
than the (/-line. The lines of calcium can be divided into two groups 
—one set of lines showing a behaviour similar to that of the (/-line; 
they are known as the are fines. The second set gets intensified along 
with the 11, K-lines, and are known as enhanced tines or spark 
lines. The phenomenon is quite general and is shown by all 
elements without exception. 

190. Systematisation of Enhanced Spectra.— Lockyer 
observed that the enhanced lines of elements' become progressively 
more intensified in the hotter stars, which were supposed to be earlier 
in evolution, and he thought that they were due to some primordial 
form of the element (protoelements). Thus the .(/-line was ascribed to 
ordinary calcium while the H, K were ascribed to proto-calcium. The 
hypothesis about these proto-elements was naturally rather vague. 

A similar behaviour is shown by all divalent elements. The real 
clue to the change in the character of the spectrum was obtained by 
the systematisation of the enhanced spectrum, particularly that of mag¬ 
nesium which was carried out by A. Fowler very thoroughly. He 
showed that the enhanced spectrum of magnesium is exactly similar 
to that of Na, v.e., consists of doublets which can be referred to families 
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of single .s-terms, double /Pterins, double //-and /-terms ]assessing 
transitions absolutely identical with Na. The values are shown below. 


Tahir :i .— 77/e tena-ra/aes of Mq+. 


" 

as | 

j 

ay 

1 . 

121267*4 j 

Av 

2 1 

51462-2 j | 

85506 44) ai .~- 
85567-69 J 91 ° f> 

4 

i 

28481-2 ! ■ 

j 

406161 1 
406466 ) 3ftr> 

i 

4 ; 

18069*4 ; J 

f 23798 4 | . 
[23812-5 / 14 1 

5 , 

12482*7 j j 

f 156367 ) 

[15644 3 ' ‘ f > 

«; 

9147*6 


7 

6975*2 , 



i ad 

1 

j 

I 

Av 

"/' : 

a a 

i 

1 / 49777*0) 

: 149776 Of 

-1 *0 

j 

: 


27955*4 


27467*4 , 

| 


17816*4 


17577*2 ; 

•- 

; 12466*5 


12204*8 

12194 6 

9069*4 


8965*6 ; 

! 

8957*6 


He further found that the sets of terms can be represented 
by a Rydberg series, but the Rydberg number is now 4 R instead 
of h\ as shown below. This is a general feature of the enhanced 
spectra of all other divalent elements. 


as ^ 


Mi 


(a + ‘OH)) 2 




1 u 


' // 1 


(IB) 


'Phis last fact afforded the clue to the explanation of enhanced 
spectra. They are not due to an element in the ordinary neutral 
state, hat dae to the etnacat trhtch has tost oar electron. Thus 
magnesium possesses usually 12 electrons of which two are valence 
electrons. Tf owing to the passage of a strong discharges one electron 
isientirely lost, it will be left with 11 electrons of which 2+8 electrons 
are strongly bound, and only one electron is left free. The structure 
becomes similar to that of Na with the difference 1 -that, the light- 
electron now moves in a field which is due to a central charge of 12 
shielded by 10 electrons. The net charge is therefore 2. Hence the 
Rydberg number is 4 R as in the case of ionised helium. 


191. Sommerfeld and Kossel’s Displacement Law.— 

Sommerfeld and Kossel* generalised this observation. They stated 
that if an element be deprived by an electric discharge of a number 
of its outer electrons, its spectra would in general be similar to that 

* Sommerfeld, Atomhaa and Spektralliaira. Chap. VIII., <1924); A. 
Fowler, Proe. Roy. Soe. +, 103 , 414, 1924. 
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of the element preceding; it in the periodic table by a number of 
steps equal to the number of electrons removed. The Rydberg number 
would however be Z 2 7?, where Z is the net unclear charge. 

Thus if we take the successive elements Al, Si, P andS, and pass 
such a strong discharge through themthat Al isdeprived of two 
electrons, Si of three electrons, P of 4mTand S of sfl^we obtain 
A1++, Si+++, P +IV , S+ v 

These should possess doublet spectra like the alkali elements 
with the Rydberg numbers 

3 *R, 4 2 7?, 5 2 72, 6 2 J2, etc. 

Similarly A1+, Si++, P+++, S +1V ,. .. . 

should possess spectra similar to that of Mg. These deductions 
have all been verified, as will be apparent as we proceed further with 
the subject. The different groups of ionised elements which thus 
gives similar series spectra as the alkali elements are shown in the 
following table. 

Table 4 . 


Li I 

Bell 

Bin 

C IV 

N V 

0 VI 

Na I 

Mg II 

Al III 

Si IV j 

j 

P V 

S VI 

K I 

Ca 11 


I 



Kb I 

Sr II 





Os I 

Ba II 


i 


* 

Cul 

Zn II 

Ga III 

(Ge IV) j 

As V 

Se VI 

Ag I 

Cd II 

In III 

Sn IV j 

Sb V 

Te VI 

Aul 

Hg II 

T1III 

1 

Pb IV j 

1 ! 

> 



The nomenclature used here to denote the state of ionisation of an atom 


is due to Paschen. A neutral element of Na is represented as Na I, ie ., with 
the number I following it. Similarly the singly ionised atom of Na would 
be denoted on this scheme as Na II, the doubly, trebly, fourfold .... ionised 
atoms as Nalll, NalV .... etc., and so on for other atoms. 

A collection of literature on the important works of analysis of the 
alkali-like spectra up to the year 1931 will be found in Review of Modern 
Physics , 4, 317, 1982 in an article by R. C. Gibbs. 


192, Resonance Lines, Ionisation and Resonance Poten* 
tials of Alkali Metals. —The principal lines ls*-2pi and 1 $~2p 2 
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of the alkalies are known as the Resonance lines, because these are 
the first lines to be excited in an electron bombardment of the atoms, 
and they come out in absorption at ordinary temperatures of the 
metal vapours. The two D-lines A5890 and X5896 of Na* belong to 
this class. They can be so easily excited in emission or in absorp¬ 
tion, because they correspond to the transition of the optical electron 
from its normal Is orbit to the next higher orbit 2p il2 - But as has 
been mentioned before, 2p is a double orbit consisting of 2pi and 
2p o, and transitions from Is to both these levels are allowed by selec¬ 
tion principles. We therefore should get a pair of lines Is — 2pi, 2 
in each case. The energy in volts required to excite the optical 
electron from the Is to the 2 /?i , 2 states is called the Resonance 
potential of the element. Corresponding to the two lines we ought 
to get two resonance potentials, but as the energy difference 
27 ) 1 — 2 ]) 2 is generally very small, we get experimentally only one 
resonance potential, which corresponds to the lower one of the two. 

If the optical electron is given an amount of energy equal to 
that of the l.s-state, the electron leaves the atomic system, and the 
atom is ionised. The energy necessary for this can be calculated 
from the value of 1.9-term with the aid of the relation eV = hv 
where v = frequency of l.v-state. This is known as the Ionisation 
potential. 


Table ». 




1.9— 2p 1,2 


1.9 

V 

v 

Element 

• X 

V 

V 

(volts) 

Ionisation Potential 

3 Li 

6707*8 

14903*8 

1*84 

43486-3 

• 

5-368 volts 

11 Na 

5890 

5895*93 

16973*3 

956-2 

2*094 

2*092 

41449-0 

5*11 

19 K 

7665 

7699 

13042-8 

12985*1 

T^oo 

1*602 

35006 

4*32 

37 Rb 

7800-3 

7947*6 

12816-5 

579 

1*58 
1*55 | 

33689 

4*15 

56 C* 

8521*1 

8943*5 

11732*3 

1783 

1*45 

1*38 

31404*6 

3*87 

29 Cu 

3247*5 

74 

30783-6 

535 

3*8 

62308 

7092 

47 Ag 

3280*7 

3383 

30473 

29552-3 

3*762 

61096 

7*542 

79 Au 

i 

2428 

41174 

5*1 

70000 ? 

8 to 9 ? 


F. 48 
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The value of the ionisation potential V in volts can be easily 
■calculated from the relation e7= hv. The student can verify 
1 volt = 8110 cm -1 = 12340 A. units, 

convergence frequency _ 1234 0__ 

8110 Limiting wavelength 


and the I.P. in volts 


, Thus the I. P. of H - 109765/8110 - 13'54 volts. 
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The resonance and ionisation potentials and the resonance lines 
of alkali metals are shown above. The mono-valent elements Cu, Ag 
and An have spectra similar to those of the alkalies. Their resonance 
lines and excitation potentials are also given in the same table 5. 

193. Bohr-diagram for Sodium. —The complete Bohr diagram 
for a typical element (sodium) of the first group is shown on p. 378 
in Fig. 10. It gives the important series lines of Na showing the 
transitions which give rise to them. 

The terms of the alkali spectra form a doublet s, p } d y f. .system, i.e. f 

we have s, p i, p 2 , d\ y d 2 ,.terms. These are shown on the topmost 

horizontal line. Separation between d\ and d 2 terms being very small, d 
is shown as , single in the diagram. The terms in Russel-Saunders* new 
notations are shown just above the corresponding old notations. The scale 
frequency is given on the vertical line to the extreme right. Energy in¬ 
creases from bottom to top of this line. The frequencies of a family of 

terms belonging to a particular series {e.g. Is, 2s, 3s .of s-series, 

2p i, Hpi, 4/?|...of doublet p\ series,...) are shown by the. positions of short 
horizontal lines along the vertical line below each term. Thus we see the 
ws-family of terms begin with/< = l, up i, 2 terms with m —2, and so on. 
The diagonal lines represent the various transitions, the corresponding 
wavelengths being indicated on them. The lines of the sharp, diffuse and 
principal series, can be clearly distinguished. For, all the lines starting 
from Ms-system and terminating in 2p\ or 2/7 2 -level belong to the sharp 
series, lines starting from /id-levels and terminating in 2p i or 2p 2 fall in 
the diffuse series, others starting from np\ or k/ 7 2 -levels and terminating 
in ls-level belong to the principal series, while lines terminating in 
3d-level belong to the fundamental series. 

The excitation potential of lines are shown on the vertical scale to the 
extreme left. The sJRjv values shown in the extreme right give 
directly the total effective quantum number n for the orbits. Their 
significance will be clear later on. 

Books Recom,Mended. 

See the books mentioned at the end of Chap. VII. 

See also Seriengesetze der Linienspektren by F. Paschen and R. Gotze 
(1922). 






CHAPTER IX 


SPECTRA OF ELEMENTS OF GROUP II 
Two-valence Elements 

194. Elements of Group II. —A glance at the Periodic Table 
shows that group II contains elements of which the following 

Be Mg Zn Cd Hg 

4 12- 30 48 80 

form the odd group, and the four elements 

Ca Sr Ba Ra 

20 38 56 88 

are said to form the even-group. 

These elements are generally bivalent and on electrolysis, the 
atoms are found to carry two positive charges. It is therefore 
supposed that they possess two easily detachable electrons, as is 
represented in the following diagrams (Fig. 1). 



Fig. t. Electron distribution in two-valence element*. 

The inner electrons form an inert-gas shell, and the optical 
spectrum may be supposed to be due to the vibration of the two 
outer electrons. When one electron is knocked off, the elements 

380 
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become ionised, and then they emit a spectrum entirely due to one 
electron, like alkalies as already discussed in Chap. VIII. We shall 
not discuss this spectrum (spark) in this chapter. 

The ionised spectra of the succeeding elements B, Al, Ga, In, T1 
are exactly similar in structure to the spectra which are going to be 
discussed here, in accordance with Sommerfeld and KossePs rule. 

195. General Features of the Spectra. —In the spectra of 
all two-valence elements, the number of lines are more numerous 
than in the alkalies, but the most distinctive feature is the occurrence 
of lines in groups of three forming triplets. A representative picture 
is reproduced in Fig. 2, Plate VII. 

Besides the triplet lines, there are other lines like the line 1 4227 
of Ca which occur rather detached. These lines also belong to 
the arc-spectrum (neutral element). They are known as forming 
the “ Singlet ” spectrum. 


196. The Triplet Spectrum of Magnesium. —In Table 1, the 
frequencies of lines forming the sharp and diffuse series of magnesium 
are shown. It will be apparent from an inspection of these tables that 
the two serif's come to the same limit, as in the analogous case of the 
sharp and diffuse series of alkali metals. 


Fowler showed that the lines forming the sharp series which are denoted 
by the symbols 

-p i - ns; 2p 2 ~ ns > ty 3 - ,,s ' 

•can be represented as follows: 


2p, = 39760 5 ; 2 p 2 = 39801*4 ; 2p z - 39821*3 

ns - R/(u + 0*375125 - 0058307/a, - 0*002355/***)2 

where n has all integral values from 2 onwards. 

Similarly the diffuse series can be represented by 


Vi » 2pi — nd ; v 2 «- 2 p 2 ~ v 3 — 2p z — nd 
where 2p l9 2p 2 , 2p z have the same values as in the case of the sharp 
series and nd is given by a Ritz-formula * 


nd 


R 


n-\~ 0*825371 -f* 


002341G 


0*036780 \* 
n* j 


( 2 ) 


In the case of Ca, Sr, Ba, a apparently begins with 2 fertile d-series, 
while for the elements of the odd series, n begins with 3. These large d- 
terms are the distinctive features of the even-group. 


* A. Fowler and W. H. Reynolds, Proe . Roy. Soe. A , 89, 137, 1913. 
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Table 1 . 197. Failure of the 


” 1 

Sharp 

Series 

! Av 

j Diffuse j 

1 Series j Av 

Rydberg-Schu»ter Law.— 

The first ».s-term for Mg has 
the value 

2 ' 

19286-0 

19326-9 

19346-8 

40'9 
19*0 

i 

2*=20474*5, with //^2 r 

and this holds for all ole- 

3 

29961-2 

30002-1 

300219 

409 

198 

2604:>'9 ^q. 7 
i 26080*6 I Sy, 
26106 7 |JUJ 

meats. It is much smaller 
than 2 p. 

We have seen in the case 

4 

33979-4 

340202 

340398 

40-8 
i 19 # 6 

i 32280*9 n>1 

; 32322*0 * ' 

32341*8 b 

of the alkali metals that by 
putting//-«=1 in the formula 
for the sharp series, wo ob¬ 

5 

35943-6 
35984-3 
36004 2 

407 

19‘9 

3:)0;>7 1 

35096*7 o. 
35117*2- 

tain the term Is and 1 * — 2p 
gives the most important 
line of the element (the 

G ; 

.1. 

37051-7 ' 
37092-3 | 
37112 0 I 

40*6 

197 

36531*9 

36571*8 

36591*6 ■ ° 

Resonance Line). It was only 
natural that the same pro¬ 
cedure should be tried in 


the present ease. If we put n=^i in the formula (1), we obtain 


l.s* ~ 85570, and 1 x — 2p 2 ' 45780. 

Search was made for a line in this region for magnesium, and at 
the corresponding regions for other elements. But in no case was 
any trace of such a line found. It became clear that it is definitely 
absent in the case of two-valence elements. A closer investigation 
of this fact led Pauli to his famous Exclusion Principle which has 
furnished the most powerful key for the understanding of atomic 
physics. 

198. The Diffuse Triplet in the Other Elements. —So far 

we have been considering Mg as a typical representative of two- 
valence elements. The other elements of this group certainly show 
an analogous ,sp-series, />., lines belonging to the sharp series can be 
expressed as the difference between three 2p-terms minus a set of ns- 
terms forming Rydberg sequence. The ordy point of departure is 
that the constant differences 2p x — 2p 2 , 2p 2 ~2pz go on increasing 
with the weight of the element, as the following table 2 shows. It is 
found that Av x : Av 2 ~ f: 2 approximately. 

The diffuse series of magnesium is apparently explained by 
assuming the existence of a single wd-sequence, but as in the case 
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of the alkali ele- Table 2. 

ments the (/-term "] j ~ . T> . 

has been found to At. Wt. jElementj 2pi -2p 2 2p i -2j) i Av,/Av 2 

be not single, but - - — 

triple. The appa- 24*32 Mg 10*9 19*9 2*164 

rent singleness in 4007 Ca 1059 *** ; 2025 

rent singlems.. in 87 . 63 Sr 394-2 i sfj-8 271 

the case of Mg is 137 37 j Bn ; ,378"2 370 5 2 37 

due to small sepa- : rf 

, A 60*38 Zn 388*9 189*8 2*054 

ration between the 112*4 Cd 1171*1 541*9 2161 

components. If larg- 200*4 Hg 4630*6 1767*3 j 2*62 

or resolving power — —-- --- - 

be used these (/-levels are also found to be triple. In the ease of 

heavier elements, the multiplicity of the //-level is apparent from the, 

appearance of the diffuse lines, which do not consist of three lines, 

but shows a more complex pattern, as shown in the typical 

photograph for calcium (Fig. 3, Plato VIII). 

For Ca, there are three chief lines, in this group v 22441, 22542 
and 22590. The first v 22441 is accompanied by two faint 
satellites v 22436 and*22432, the second line v 22542 is accompanied 
by a satellite v 22538, the third has no satellite. 

In the above diagram, note that the constant frequency difference 
occurs in a characteristic way, not between the chief lines, but 
between u line and a :satellite . 

The combination between the j> and rf terms can be represented 
in the following tabular form :— 


Table rf. It can be easily verified 

j I that any line is the difference 

2/>3 \ 2p 2 : 2/>, between the 2 p in the same 

34146-9 34094-6 339887 column and 3d in the same row, 

_ thus for the first satellite of the 

M" (9) (o) (3) strongest line, the frequency is 

11556-4 22590-4 22538-3 22432-4 

(3-7) 22436-1=339887-11552-6 

3 d' (9) i (5) =2pt-3(/' 

11652-6 22542-0 ! 22436'1 ri „ . . , . , 

^ | j The existence of the triplet 

3 4 j j (9) nature of the “ //-terms” is thus 

1 lo47*0 | 122441 *7 quite well established. The 

A triplet pd-multiplct differences %rf n — 3// ; , 3// r — 3// 

increases with the atomic number as shown for (-a, Sr and Ba below. 



i. 

2/>3 i ‘Ip 2 

i 

34146-9 340946 

3d" 

(9) (5) 

11656-4 

22590 4 22538-3 

(37) 


3d' 

: (9) i 

11652 6 

22542-0 

(5 6) 

| j 

3d 

i j 

11547-0 

I 


(9) 

22441*7 


A triplet pd-multiplct 
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Besides the series 
above mentioned, series 
analogous to Bergmann 
series were found in these 
spectra. They are due to 
3 d — w/* combinations, and 
the number of /-terms 
has been found to be 
triple. Thus the triplet 
spectrum is found to be 
characterised by one 


Table 4 . 



3rf" 


3 d> 

3 d 

Ca 

I U556-3 


11552-6 

11547-0 


I 

3-7 

56 


Sr 

i 10918-2 


109030 

10880-0- 


j 

14*0 

23-0 


Ba 

11334 1 


112790 

11211-6 



55-1 

674 



single sequence of ,v-terms and sequences of triple p , <1 and /’-terms. 


199. The Inner Quantum Number. —We have now to 
explain why six lines are obtained in the scheme given in Table 3 
instead of nine which are possible. It is clear that some selection 
principle is needed to explain the absence of three lines p$d 9 p A d f , 
p>d. Fordoing this, Sommerfcld introduced the idea of “inner 
quantum numbers’'. 

It is unnecessary to give a historical retrospective of these 
works, it will suffice to give the final result. Suppose we describe 
the three /;-terms 

P* P 2 Pi 

by the new notation 

Po Pi p2< (Po > Pi>Pt) 
and the three terms 

d" d' d 

by d x d 2 ds (d x >d a ></.) 

Then the table can be rewritten as :— 


Table J. 



2p 0 

34146-7 

2Pi 

34094-6 

2^2 

33988-7 

3d, 

11556-4 

(9) j 

i 

(5) 

(3) 

Mi 

11552*6 

i 

j 

(9) 

(6) 

Mi 

11547 

i 

i 


(9) 


The subscripts stand for the* 
tuner quantum number j. Then 
the observed combinations arc ex¬ 
plained by the rule :— 
s»j +1 


that is j can change by ±1 or 0- 

Ay=±2, ±3,.are forbidden. 

The reader will naturally ask r 
how have these numbers been 


arrived at, and what is their theoretical significance ? These points 
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will become clear when we consider Zeeman Effect (Chap. X). For 
the present, it will be useful to remember that 

v>., a term possessing a 
higher / is less in value 
than its companion with 
a lower /. 

From a scrutiny of 
observed combinations we 
can find out the inner 
quantum numbers of be¬ 
longing to other families. 

Thus for s, / «= 1, for f, j = 2, 3, 4.etc. A typical d-f -set of 

lines of Ba is shown opposite. 

Tt can be easily verified that the observed lines satisfy the 
/-selection principle given above. 


Po>Pl>Pi 

Table (i. 



1 d, 
32995*6 

181 32814-1 

oqi ^3 

32432*7 

/? 

4634 

28361 

28179 

27798 

24 

/ 3 

4610 

105 

u 

4505 


28203 

278227 

270277 


Inner Quantum Number for Terms of Alkali Elements. 

In Chap. VIII, §188, we referred to the duplicity phenomenon in 
alkali spectra. The two associated p, d and /’-terms, in this case can 
be distinguished from each other by inner quantum numbers. We 
may describe the terms as 




Pi Pi <h d :i /:> f\ etc . . . 

Pi > P 2 d > > dr, /:, > f± etc .. . 

This assignment of the inner quantum number explains the 

observed combinations, e.g., in the 
spectrum of caesium we obtain only 
three lines in a p-d, combination 

instead of four, as shown in table 7. 

There is no line corresponding 
to 2pi -4because A/=2. 

The above assignment of inner 
quantum numbers for one valence 
elements is however not final, for, a 
study of Zeeman-effect has shown, that 
these /-values should be uniformly decreased by half as follows : 

Si , 


Tahir 7. 

' 

2 'Pi 2p% 

554 

20226 19672 


(101 (5) 

5356 

14870 14315 

21 


4r/ 3 

(10) 

5335 

14336 


4 


P, 


I>» 


I), 


F- 


F 7 


etc. 


It is apparent that this change does not alter the arguments 
given above regarding combinations. 

H. 49 
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The idea of inner quantum number thus introduced ad hoc to 
explain observed facts, has been found to be indispensable for the 
understanding of the mysteries of intra-atomic motion, .w will be 
discussed in the next chapter. 

200. The Singlet Spectrum.— Tito singlet spectrum is very 
difficult to investigate as the lines stand rather isolated, and there 
is no clue like constant differences which can enable one to group 
related lines. The classification of singlet lines therefore was an 
arduous affair. But it was shown that the spectrum consists of 

(a) A principal series of lines which can be represented by the 
formula 

1K-/*P 

where //= 2, 3, 4 . . . . The capital letters wore used for singlets, and 
small letters for triplets. 

nP is given by a formula of the Iiii\-fype , e.g., for magnesium, 
the principal series is given by 

18-//P = «1072- , f vi-, 2, Si, 4.00 

(n+p) 

The first member is X 2Sf>2 and the following ones arc A 202b, 
1828, etc. 

The singlet lS-term has been found to be the largest term in 
the spectra of two-valence elements. The normal unexcited state of 
the atom is therefore characterised by IS. This conclusion is further 
corroborated by the fact that if the absorption spectra of two-valence 
elements be studied in th * same way as for alkalies, it is only the 
lines of the principal series of the singlet spectrum (e. r/., the tf-linc 
X 4227 for Ca) which occur in absorption, besides a fete others to be 
presently described . No other line belonging to the kinglet spectrum, 
and no line belonging to the triplet spectrum is absorbed. A 
photograph of the absorption spectra of calcium vapour is reproduced 
in Pig 4, Plate VIII. The strong absorption lin<* seen in this 
spectrum is the <7-1 ine of Ca, the other absorption lines belonging to 
the IS —/iP-series are beyond the range Ca. 

(/>) Besides the /;-scries the singlet spectrum consists of lines 
which form sharp and diffuse series : 

Sharp series : 2P- //H, 3, .... 

Diffuse series : 2P-V/D, 4, . . . . 

F-serics : 3D-//F, n-* 4,5, _ 

etc. . . . 
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Zeeman Effect .—All singlet lines show normal Zeenmn 
pattern, while the splitting of triplet lines is more complex (vide 
Chap. X). 

201. The Inter-Combination Lines. —Besides the triplet and 
singlet lines, there are found in tin* spectra of all two-valence 
elements certain feeble lines which do not seem to belong to either 
group. They have been traced to inter-combination between the 
singlet and the triplet terms. 

The most important of these lines belong to the combination 
lS 0 — 2pi. A list of such lines is given in Table 8 (2nd column). 
That they arise from the 1 S-state is proved by the fact that 
they can be obtained in absorption. Thus the mercury X 2536 easily 
comes out reversed in all absorption experiments. It is remarkable 
that we do not get any line corresponding to the combinations 

lSo-2p 0 lS 0 -2p, |j 1S 0 .... 84178*5 cm” 1 

for TTg, v= 37642*3 v~ 44040*2 | 2/»„ .... 40530*2 

3t=» 2650*0 *= 2270*8 ' 'Ip, .... 40138*3 

except under very special conditions. 

The absence of this possible combination is explained by assign¬ 
ing to the IS-term of the ./-value 0, and adding a supplement to the 
selection rule for the /-quantum number 

7=0 -►7=0 

is forbidden. The inner quantum numbers of the singlet terms can 
then be shown to be as follows: 

S 0 , Pi, T) 2 , P, .... 

The correctness of these assignments is justified by the 
occurrence of lines belonging to the following combination for Mg:— 

2pt - BD, = 36152, X 2765*34 ; 2 p« - 51) s = 36112, X 2768*5 

We have no line corresponding to 2p 0 - 5D». This shows that, the j 
for the singlet f/-term is 2. 

The complete Bohr-diagram for a typical two-valence elements, 
/7 r., Mg is shown in Fig. 5, p. 388. 

202. Resonance Lines, Ionisation Potentials, etc., of Two- 
Valence Elements. —The lines IS —2P and IS — 2p* . . . are known 
as the resonance lines of two-valence elements, because they are the 
first lines to be excited in an electron bombardment, and they are 
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obtained in absorption even when the temperature of the vapour is 
only barely sufficient to give appreciable vapour pressure. 



Fig, 6. The complete energy level scheme for Mg. 

The ionisation-potential can be calculated from the value of 18- 
term with the aid of formula on page 378. The resonance lines, 
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the resonance potentials and the ionisation potentials of the two- 
valence elements are shown in the following table : 


Table 8. 



1 S 0 - 

--Pi 

18.- 

-2P 

! 

1 Si 

r 

(loni so t i 011 pote n fci al 
in volts) 

Element 

l 

in A .11. 

V 

in volts 

jin A.U. 

V 

in volts 

(cm-<) 

4. Be 

4547-9 

2-71 

(50)"' 

23487 

5*25 

75194*3’’ 

9-281 

12. Mg 

4571-2 

2-70 

2852-1 

4*33 

61072 I 

7*61 

30. Zn 

3075-9 

4-01 

2138-6 

577 

75766-8 

9-35 

48. CM 

3261 0 ; 

3-78 

2288-0 

5*39 

72538-8 

8-95 

80 Hg 

2536-5 

4-86 

1849-5 

1 

6 07 

84178*5 

10*39 

20 CM 

6572-8 ; 

1-88 

42267 

2*92 

49304-8 

609 

38 Sr | 

68926 

1-79 

4007*3 

2*68 : 

15936-5 

5-67 

56 Ba ! 

7911-3 1 

1*56 

5535*0 

2-23 ; 

42029 

5*19 

88 Ra : 


1-5 ? 


2*0 


5 to 5*5 


The inter-combination lines lSo*“2po are faint in the case of 
elements of low atomic weight, and become stronger as we take 
the heavier elements as was first pointed out by I)e Krbnig. 

Description op Fm. 5. 

The sharp, principal and diffuse terms are classified into two systems, 
viz., (1) the singlet S, P, I)-terms, and (2) the triplet .% p o.i, 2 »di, 2 % 3 , 

f 2 , 3 , 4 .terms. These are shown on the topmost horizontal line. The 

Russel-Saunders’ new notations are shown just above the corresponding 
old notations of terms. The scale of frequency is given on the vertical 
line to the extreme right. Energy increases from bottom to top of this 
line. The frequencies of a family of terms belonging to a particular series 


(e.g. IS, 28, 3S.of the singlet 8-series, 2p u Sp u 4/>i . . . . of 

triplet pi-series . . . ) are shown by the positions of short horizontal lines 


along the vertical line below each term. Thus we see that the family of ns 
terms begin with w-»l, np 0 , 1 , 2 -terms begin with ?i=2, and soon for other 
terms. The diagonal lines represent the different possible transitions, and 
the wavelength corresponding to each transition is indicated on it. Besides 


* F. Paschen and P. G. Kruger, Amu d. Phys ., 8, 1 K >931. 
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the lines belonging: to the sharp, principal, diffuse and fundamental series 
the inter-combination lines of Mg, A 4571, 2768*5, 2765 are clearly seen. 

The excitation potentials of the lines are shown on the vertical scale to 
the extreme left. 

203. Alkaline Earth-like Spectra. —According to the dis¬ 
placement law of Kommerfold and Kossel, as explained in § 190, 
then' will be other elements in the periodic table, which would emit 
the same kind of series spectra in their singly or multiply ionised 
states as tin* neutral alkaline earth atoms. These elements are shown 
in Table 9 below. A list of important works done on the analysis of 
their spectral will he found in Itcrietr.s of Modern Physics, 4, 317, 
1932. 


Tabic /V. 


1 

Be [ ! B II 

<_' III 

N IV 

() V 

Zn I 

Gall 

Ge III 

As IV 

So V 

Mgr I 1 A1 II 
Cn I ! - 
Sr T ! 

Bn I - 

Si III 

P IV 

! 

s v 

CM I 

Hg I 

In II 
T1II 

| 

i 

Sn III 
Pblll 

i 

] 

Sb IV 

Te V 






CHAPTER X 


ZEEMAN EFFECT 

204. Connection between Phenomena of Light and 
Magnetism. —As stated in Chapter V it was first shown by Faraday 
in 18 to that an intimate connection exists between the phenomena 
of light and magnetism. He found that a beam of polarised light, 
on passing through a plate of glass placed between the poles of an 
electromagnet parallel to the field, has its plane of polarisation 
turned through an angle proportional to the field (Faraday Effect). 
Though this experiment clearly established that light and magnetism 
are closely related phenomena, a further attempt was made by him to 
demonstrate the connection by a still more direct experiment,//:., 
bv putting a source of light within a magnetic field, and observing 
whether the nature of emission could be varied. But no positive 
results were obtained. The same experiment was performed by 
Zeeman in 18% with marked success. 

205. Lorentz and Larmor's Theory of Zeeman Effect.— 

The success of Zeeman’s experiments was largely due to the fact 
that he was guided in his experiments along a definite route laid down 
by H. A. Lorentz who, almost simultaneously with J. Larmor, worked 
out on the classical electron theory how light vibrations are affected 
by a magnetic field. A sketch of their theories is given below: 

The model of the luminous atom or oscillator was an electron 
which executed a simple harmonic motion about a fixed centre of 
force. The frequency of vibration of the electron was taken to be 
identical with the frequency of light emitted. It was supposed that 
such an electron constituted a miniature Hertzian oscillator, and 
the shite of polarisation of the light •emitted could be obtained by 
extending to 1 this case the results deduced in the case of the Hertzian 
oscillator. 


31)1 



392 


ZEEMAN EFFECT 


[X 


Lorentz* and Larmor proved that the nature of oscillations 
undergoes a radical change when it is placed in a magnetic field. 

Let the equation of motion of the undisturbed oscillator be 

d 2 x d 2 y (I 2 .'. 

m = - pr, m =—p?/, m —jjr = - pi . . . (1; 

Then we liave (x, y, : ) = A cos (2itv/+a, (3, y), where 4:t 2 v 2 = p/w. 

Suppose now a uniform magnetic field of strength 77 in the direction 
of the X-axis is superposed on this system. The equations of motion 
of the electron arc now : 


m 


m 


m 


d 2 x 
dt* 
d-y 
dt 2 
d--. 

df 


. pH d/y 

- pj: +- ~jr 

c dt 
ell dx 


■ 'P?/ ~ 


dt 


pv 


( 2 «> 

(2A> 

(2c> 


Lorentz showed that this equation can be solved if we introduce 
two new variables 

l 


x + iy, >| 
They satisfy the two equations : 


x. — iy 


i / 2 H , t , .eH dl . 
in —,w + p? + / —— — 0 


dt- 


c dt 


m 


d 2 r| . eH d\\ 

+ PH - / — . . = 


0 


dr ■ ■ c dt 

Now put | = Fe 2iriv,t , r, = F c 2 ™ 1 * 

Then v t and v a satisfy the equations 

Vi 2 - v 2 + .y—- vj =-- 0 
Iwm 


(3) 


(4> 


v 2 - 


eH 


~ 0 j 


(5> 


o v 9 

2j ton 

^ rom this we obtain, since pH;2xcm is a small quantity 


Vj = v 


<’H pH 

, v 2 = v + 


4nem 


4:xcm 


* For an account of Lorentz* theory see Lorentz, Theory of the 
KMroti, Chap. Ill. * 
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The new vibrations are therefore 

i • 77* 2 iriv 1 1 

x + ty = Fe ... 


Vl 


V — 


x - iy — Fr 


2iriv.it 


Vo = V + 


eH 

4mm 

eH 

4mm 


= Fr 


2 irivt 


( 6 ) 


Interpretation of the Results. — Suppose the obsj^vatioi* 
made along the z-axis. Then according to (6). the z~oom{K>iicnt 
would not be visible (see Fig. la). 

x 4- %y = Fe~ 1 . . . represents a vibration in which we have 
x = F cos 2jtv x /, y=F sin It represents circular motion of 

the electron in The anticlockwise direction. The light vibrations 
emitted from such an oscillator are oiroulurly polarised in the anti¬ 
clockwise direction. 

Similarly, x — iy^-F ° s * veprv^ents circular motion of the 
electron in the clookwts' fi n. The light vibrations are 

circularly polarized in the er^ kvviSe direction. Thus when viewed 
parallel to the field, a single line splits up into two lines on opposite 
sides of the original position of the line with the frequency difference 

ell 


Av - 


4jt cm 


(7> 


They are circularly polarised in opposite durations. 

It is found that v x > v 2 hence eHliitem is negative* or the sign 
of e is negative. Also the value of ejcm can be obtained from the 
observed value of dv or cth ; . , 


Since 

ii 

^ |c< 

it 


dX 

eH 

. 

c 

X 2 

4ncm 


e 

4m 

(IX 


. • (8) 

we have 

cm 

H 

X 2 ' 



From actual measurements of dX/If e/cm was found* to be 
177 X 10 7 . Hence the vibrating electrical charge is identical with 
the electron . 

Transverse View .—When the emitted light is viewed perpendi¬ 
cular to the field, say along the y-axis, there should appear three lines : 
(1) a line corresponding to x = Fe 2 * tvi . This is in the position 


* Vide, Babcock, Contr. Ml. Wilson Observatory , 12, 109, 1922. 

For an account of determination of e/mc from Zeeman effect see 
Note 2, Appendix. 

F. 50 
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of the original line, but is polarised with vibration parallel to the 
field (jc-component). 

(2) of the vibration x+hj = F , we observe only 

x =. Jf’cos 2JCVJ/, as the line of view is along the y-axis. This is 
polarized with vibration perpendicular to the field, and the line is 
separated from the central one by the frequency difference 
Av = clll4itcm (o-component). 


■ (3) similarly of the vibration X - iy =.F r t1tvv,t , only the compo¬ 
nent x = F cos 2 jcv 2 / is effective in giving rise to a line at a distance 
Av = -ell/4nrm, and with vibration perpendicular to the field 
(a-components). 

The deductions are graphically represented in the diagram 
<Fig. 1) below. 

In this the single line at the top represents the position of the 
original wavelength of frequency v. The longitudinal and transverse 
views of the effect are represented below in (a) and ( b) respectively. 
The arrow at the top shows the direction of the magnetic field H. 
When viewed along this, as in (a) only two components are seen at a 
distance of +Av and — Av respectively from the original line. 
They are circularly polarised and their senses of polarisation are 
shown by the two circular arrows. When viewed at right angles to 
the direction of H as in (jSfi three lines are visible. One is in the 

position of the original line v, and the 
other two separated from this by an 
interval + Av and — Av respectively. 
The components polarised parallel to the 
direction of the magnetic field are 
denoted by the signII, and those polarised 
perpendicular to the direction by_L. 
They are generally ref ererd to as n- and o- 
components respectively. Each a-compo- 
nent is half as intense as the jt-component. 

It will be noticed that except the 
direction of polarisation, the features 
of longitudinal effect are included in 
those of the transverse effect which represents the general pheno¬ 
menon. Hence in future, only the transverse effect will be considered. 


H* 


i ii 


/ 

* 

4T * 

/ 

(a) long . 

(b) transv. 


V-bV V ¥ V+&V 

Pig. 1. Graphical sketch showing 
normal Zeeman Effect. 


The qvtuitity Av — cHj4nc.m will be denoted by ‘a’ throughout 
this chapter.''^ 
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206. Experimental Verification.* —In his earliest experi¬ 
ments, Zeeman used a Na-flame which was placed 'within the pole- 
pieces of a strong electromagnet. He observed the D-lines with an or¬ 
dinary spectrograph, and the polarisation was tested with aNicol prism. 
On account of the small resolving power used, the Zeeman com¬ 
ponents were not separated but the lines were found to be broadened, 
and the edges were found to be polarised in accordance with 
Lorentz's theory. 

In later investigations carried out at Tubingen by Paschen and 
Back, the experimental methods were enormously improved. The 
improvements consisted in :— 

(a) The use of spectrographs of high resolving power .—For this 
purpose, either interference spectroscopes (Fabry-Perot or Lummer- 
Gehrake or Echelon gratingf) or concave gratings are used. In the 
experiments of Rungc and Paschen, continued by Back at Tubingen, 
a concave grating of 6*32 m. radius of curvature, and with 110,000 
lines was used sometimes up to the sixth order. The resolving power 
is nX 110,000, where —order number, so that for X 4400A, we can 
resolve rays separated by '01 A.U. in the fourth order. This resolving 
power can be exceeded in interference spectroscopes, but then the 
interpretation of the result becomes somewhat difficult. 

The polarisation of the components was examined in the usual 
way by placing a quarterwave plate and a nicol between the spectral 
apparatus and the electromagnet. In the case of transverse effect 
where the lines are linearly polarised, only the nicol was used. 

{h) Source of Light .—The source of light should be such that it 
would give lines of extreme fineness with sufficient intensity. An 
intermittent vacuum spark of special design was used in most 
Tubingen experiments.^: 

In this the metal under investigation forms one electrode of the arc* 
and a strip of tungsten held at the end of a brass rod forms the other 
electrode. The two are enclosed vacuum-tight in a brass cylinder and the 
whole is placed between the pole pieces of the electromagnet. The first 
electrode is kept fixed and the W-electrode is rotated about its central axis, 

* For details, see Handbuch der Experimental physilt, Bd. XXII, pp.31 
—68; Baly’s Spectroscopy , 8, Chap. II, p. 401. 

t See Wood's Physical Optics (1914), Chap. VIII. p. 265, Chap. XVIII, 
p. 503; H.d. Exp . Phys., be. tit., p. 45. 

t Back, Ann. d’Phys., 70, 333, 1923; 76, 317, 1925. See also Land6 
and Backs' book Zeemaneffert and Mnlhpletstru/dur der Spekirallinien 
( 1925), Chap. VII, p. 128. 
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so that during each revolution the two electrodes come in contact only 
once. At each contact an arc is formed which breaks after a short interval. 
The vacuum may be obtained by using suitable pumps. 

The ordinary methods of producing* spectral lines used in the 
laboratory are either the vacuum tube discharge or the vacuum spark with 
an air gap in parallel. The former cannot be used in this case as the 
discharge is affected by the magnetic field, while in the latter the lines 
obtained are not so intense. These disadvantages have been removed 
in the vacuum arc method. Further, by this arrangement the gaseous 
substances may also be investigated by introducing the gases in the brass 
cylinder and using pure carbon electrodes. 

Magnetic Field*. —Magnetic fields of 21,000 gausses are ordinarily 
used, and under special circumstances, fields as high as 50,000 gausses 
have been used. This required very expensive electromagnets of 
special construction. For observing Paschen-Baek Effect (see infra) 
even fields of several hundred thousand gausses arc needed. Methods 
for producing extremely large fields for a very short interval of time 
have been devised by Kapitza and Skinner* in the Cavendish 
Laboratory. 

A few typical photographs taken in the Tubingen apparatus 
are reproduced in Fig. 2, Plate VIII. These have been five times 
enlarged. Wavelength increases towards the right. 

Description of photographs . 

(1) Normal triplet.—Zeeman pattern for lines of singlet spectrum. 

The line is Cd X 643871, 2P—3D (singlet). The jt-components 

are above and o-components below. Note that the jt-component is 
doubly more intense than each a-component. 

Anomalous Zeeman Pattern . * 

(2) Zeeman effect of doublet spectra. 

Below —without magnetic field, Above— under the field. 

Left — D 2 of Sodium, ^.5890*19, 2 S - 2 P ; , 

Right—D x .... X5895T6, 2 S - 2 P^ 

Observe that Di is split into 4 components and D 2 into 6 
components. 

Zeeman effect of triplet spectrum . —The lines were 

~ Si, X 4680 38, 4722 34, 4810*71 of Zn. Looking from left to 
right observe that 

* Kapitza and vSkinner, Proe. Roy. Soc. A , 105 , 619 , 1924 : 106 , 602 , 
1924 ; 100 , 224 , 1925 . 
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(3) X4680*38 .... *P 0 — :l Si gives 3 components 

(4) X4722-34 .... s P 1 - s f^ 1 ... « 

(5) X4810*71 .... ... » 

The extreme left and right components of X 4810*71 arc very faint, 
and cannot be clearly distinguished in the reproduction. 

It will be observed that the Zeeman pattern becomes more 
and more complex, as the inner quantum numbers of the terms 
producing the lines increase. We proceed to a discussion of the 
complex type of Zeeman effect in §208. 


207. Larmor’s Treatment. —Larmor’s treatment of normal 
Zeeman Effect was different though the result was the same. He 
showed that the effect of a uniform magnetic field on the motion of 
an electron moving in any orbit is to impress on the whole system a 
uniform precession about an axis parallel to the field with the 
angular velocity 

0 ) = 


ell 


2 me 

For proving the theorem, we observe that equations (1) can be 
written in the form 

m (x-2(0 H y) = -p ./• * 
m (y+2(0 H x) = -\iy 


ni\ 


where 


= -p/. 

„ ell 
n 2 'em 


(») 


This equation can be given an interesting dynamical interpreta¬ 
tion. Let us suppose that the electron is moving in the plane of 
x , y and the velocities in the plane 
are x and y . Let the plane now 
rotate uniformly with the angular 
velocity co about the z-axis (Fig. 3). 

Then if U and V are the velocities* 
referred to axes fixed in space but 
instantaneously coincident with the 
moving axes OX and OY, we have 
U =**« — ?/o), V = #+.rco, 
for, to the ordinary velocity, we 
must add the velocity due to the 



* See Webster; The Dynamics of Particles and of Rigid , Elastic and 
Fluid Bodies (1912), Chap. VII, § 103 where the general case is treated. 
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revolution of the plane OXY. The components of the rotational 
velocity are - yi o, .rw. In a similar way the accelerations f and g 
referred to the same fixed axes can be shown to be given by 

/■= u- Fo) g = V+ Uoa \ 

= x—2y(o—.r(o i — V+2x<a — ?/co 2 (. . . . (11) 

= i - 2y(0 =ji+2xci) j 

for when co is small, or can be neglected. Then the equations of 
motion become 

in (x-2wy) = F x | 

■m (i/+2a)i) = F y j . 


Hence comparing (9) and (12), 



we find that if to = ton, the two 
sets of equations become 
identical, i.e., the effect of 
the magnetic field is simply 
to impart to the orbit of 
the electron a precession 
with the angular velocity 
to = eHl2mc round the axis 
of the external field, as 
depicted in Fig. 4 . 

The orbit of the elec¬ 
tron is represented by the 
ellipses AP. The magnetic 
field is represented by //. 
The paths described by the 


H*. 4. erection of orbit in . miotic Sold. a P hcli ™ the perihelion 

during precession are re- 
presented by upper and lower circles respectively. 

LarmoPs treatment can be adapted to quantum mechanics. 
The effect of this precessional motion is to increase the, energy of 
the system by the amount 


A TXT I ^ COS GC 

AfV~h-~(o .( 13) 

where a is the angle between the orbit-axis and the axis of the 
magnetic field and k is the azimuthal quantum number. This can 
be shown by referring to Fig. 17 on page 358. 

There it was shown that the K. E. in three dimensions is given by 
T ^ i m (/•*+;•*$*+r*sin ®0 *p*), . . _ ( 14 ) 
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Let now the axis of the field be denoted by OP. Then on 
account of the imposition of the field, the orbit precesses round OP 
with the velocity cd h. To take account of this processional effect, it 
will suffice if we write in (14) in place of q>, where op = <p+co H f. 
It is clear that is the longitude referred to axes fixed in space. 
Then we obtain T ! = i m {r 2 +r 2 '6 2 +r 2 sin 2 0 <£+ot)// 2 ) 


or 

T =» T+ mr* sin 2 0.<P- co^. = T+p^. <a H 

. (15) 

But 

P# = cos “ an( * P^ = M2n 


Hence 

T' = T+p^(o„ cos a. 

• (150 

Hence 

* TTr hk cos a 

A TF = m n . 

. (16) 

We have therefore Av = ^ k cos a 

h 4jt cm 



~ a.k cos rx.(17) 

Hence we have *the Zeeman-separations of the H-atom 
given by 

Av a (k cos a — //cos a') « a {k\ -/.•/) .... (18) 

where //, a' refer to the initial orbit. Both k cos a = k x and 
l/emcf-kt* are integral. We therefore find that (17) explains the 
observed normal effect if we suppose that 

A ki =+1,0 only, 

and Aki = +1, give us components with circular 

polarisation, 

A/.'i = 0 gives us components polarized parallel 
to the field. 

This result was arrived at simultaneously by A. Sommerfeld* and 
P. Debyef. 

208.1Anomalous Zeeman Effecc.— On account of the great 
potential importance of Zeeman-effect in throwing light on the 
structure of the atom, an intense interest was created throughout 
scientific world, and many famous investigators including Michelson, 
Paschen, Runge and Preston joined in systematic investigations 
of Zeeman-effect of spectral lines. Soon after the investigations 

■ * A. Sommerfeld, Phys. Zeits ., 17, 491, 1916. 
f P. Del e, Gottinger Nadir., 1916. 
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were commenced it became however apparent that the simplicity 
presented by Lorentz’s model of the atom was rather illusory. As 
shown in the reproductions of the patterns (Fig. 2, Plate VIII) only a 
few lines were found to split according to Lorentz’s model, most 
lines were found to split in much more complicated patterns, 
though it was evident from the nature of the results, that some 
regularity ran through the mass of apparently complex results. 

In the following diagrams, some of these complex Zeeman 
patterns (shown in Plate VIII, Fig. 2) are represented graphically. 


( a) Singlet (c)Triplct 



Fig. 5. Graphical sketch of anomalous Zeeman effect. 


The first pattern (a) represents the normal Zeeman splitting for 
singlets. The second pattern (b) shows the splitting of the I>i and 
D 2 -lines of sodium. The Di splits up into four components of which 
the two outer are o-components. The displacements of these on the 
frequency scale are given by + 4r//3 ; these for the inner two which 
are the jc-coniponents are ± 2^/3, where u is cHjAnon, The D 2 -Iine 
A, 5890 is split up into six components, the two inner + rz/3 are 
jt-eomponents, the four outer + 3a/3, i 5rc/3 are o-components. 
These facts may be symbolically represented by 

ls-2pi . . . Di. ±|(2, 4) 

l*-2pi • • . D 2 . ± | (1,3,5) 

where the short line below a number denotes ^-components. 

Similarly the lines of divalent elements (c.g., Zn green triplet) 
forming the ps-triplet are separated according to the pattern (c). 
These can be represented as follows : 

2 Po -2, . . . . ±|( 0 , 4 ) 

2pr-2, . . . . ±| ( 1 , 3 , 4 ) 

2 Pi -2s .... ±“(0,1, 2, 3 , 4 ) 
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209. Discovery of Regularities in Complex Zeeman 
Patterns.—An intensive study of these Zeeman patterns showed 
that the splitting is governed by very significant rules. These* were 
discovered by Preston and Range. 

Preston's Rale .—Preston showed that all lines belonging to the 
•same type of spectral classification show the same type of Zeeman 
splitting, e.g.. we have seen that all the alkalies Co, Ag, An, and the 

ionised elements Be 4 *, Mg 4 , Oa 4 , Sr 4 *, Ba + .show the same 

type of spectra, />., they have all got do ah lei lines belonging to 
principal, sharp, and diffuse series. Preston found that all lines 
of these elements given by the formula 

v = // '[(rb* " (h+piA 

where R* — R, 4/i, or \)R are split like the Dx-line of Na, no matter 
what the value of n. Such lines are 

(-a + l . . . Sr 4 l 12 lo . . . Ba+ A 4934 
belonging to lx —2/>j combination. Tin* companion line represented by 

v ^ a '[(h^ ~ 6hU)*] 

is split into fi compom*nts like the Dg-line of Na. This rule holds 
not only for the D! and I) 2 , but for all lines of the sharp and to a 
certain extent of the principle series (for exceptions, see Paschen- 
Back effect). For tin* p//-lines of trivalent elements like Al, the 
Zeeman patterns are 

2 p, - 3 d, ... ± (1_. 3, 15, IT, 19, 21) 

2 p 2 — 3 <i 2 . . . Hb j*j, (4^ 8, 12, 16, 24) 

2 p x - 3 d t ■ ■ ■ ± ff t (1. U. 13) 

The rule was found to be of great importance in determining 

the scries characteristic of lines and was very largely used by 
spectroscopists in the early days of empirical classification. 

Range's Rale .—Runge found that the separations are integral 
multiples of small aliquot parts of the normal separation a . The 
rule is illustrated in the description of the Zeeman effect of Di, D 2 
and of the pd-g roup. The common denominator of the aliquot- part 

F. 51. 
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for the same group of lines is called the Range denominator. 1 hus for 
theDi, D 2 lines, the Range denominator is 3, for the p.v-triplet it is 2 
for the doublet pd-group it is 15 and so on. These aliquot parts were 
found to be characteristic of the series characteristics of the terms. 

210* Sommerfeld’s Generalisations. —After the rise of the 
quantum theory of line spectra, Sommerfeld* showed that these rules 
required a new interpretation. For according to the principle* of 
combination, the frequency of each lino is the difference of two 
numbers, each of which multiplied by h represents the energy of a 
particular quantum state of the atom. The Zeeman splittings have 
therefore* to be further referred to the component terms. For illus¬ 
tration we take the Do line of sodium — 2 p*. A—h (Is) is tin* 

energy of the light-electron of Na in the l.v-state, .1— h (2p) is the 
energy in the 2/J-stato. When the atom is placed in a magnetic 
field, then on account of the interaction between the magnetic held 
and the light-electron, the energy will be different from the undis¬ 
turbed value by It Av^ or h Av^in the initial or final state respective¬ 
ly. We have therefore 

Av = Av { - Avy. 

ond the problem is note redneed to finding out the mine of Av 
for each tnnd oj spectra! terms which tre come across in spectral 
classification . I he systematisation was pushed through by Sommerfeld 
and his pupils who first assumed that Av for every kind of orbit 
can be represented by ap/q, where p and g are some numbers 
characteristic of each kind of orbit, depending on the values r, j 
but not on u. 

211. The Atom as a Magnet—The Bohrnnagneton,— 

As the original Bohr-Sommerfeld model did not hold out any hope 
of explaining the anomalous effect, the more general assumption was 
made that each atom , in any quantum state , may be regarded as an 
elementary magnet with a definite axis and a definite magnetic 
moment p. 

Let us see how this conclusion was arrived at. 

We shall discuss in chapter XVI the detailed theories of magnet¬ 
ism. I he intimate relation between magnetism and electricity was first 
discovered by Oersted who discovered that a wire carrying a current 

*A. Sommerfeld, Atomism and SjHtrallinim ( 1924), Chap. 8, §3, p. 612. 
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produces a magnetic field about it. Following these studios. Ampere 
showed that if a current / passes through a wire enclosing a plane 
area S, the magnetic action of the area is equal to that of a normally 
polarised magnetised shell occupying the same area, and having the 
total moment iS. This theorem is the foundation of current electri¬ 
city; but here we are concerned with the attempt of Ampere to 
explain natural magnetism in terms of small currents of molecular 
dimensions existing within magnetic bodies. In chapter XY r l, we have 
described how this theory has received complete verification, and how 
at the present time, all the phenomena of magnetism are explained 
iu terms of different kinds of motion of the electron. 

It is clear that on this view, Bohr’s hydrogen orbits possess 
definite' magnetic moments. Taking a circular orbit, wo find that 
the magnetic moment of the orbit 

P ™ iS 

where <S = area, i -= equivalent current iu e.m. units. 

Now S = jtv", and / — c c'l\ where T is the periodic time, and r 
in the denominator converts it to e.m. units. Hence we have 


P 


ok 

vT 



According to Bohr’s theory 


Hence 


u) 


kh 

-JT 



fjt CM 


(lb) 


Thus the magnetic moment of the electron in the J Ah orbit is an 
integral multiple of the elementary quantity oh 4jc cm. 

To the quantity ohj^urm the name of Bohr-magneton has been 
given. Even if the orbit be elliptic, the magnetic moment is given by 

eh 


431 (on 


( 20 ) 


where /,* is the azimuthal quantum number. The axis of the magnet 
is along the normal to the orbit. 


212. The Atom in a Magnetic Field.— The results of 
anomalous Zeeman effect show that the magnetic moment of the 
general atom is more complex than that of the II-atom, for otherwise 
the Zeeman splitting would be always normal. Let us suppose that 
it is given by pa, where p = c///4jic///, and a is a function of quantum 
numbers which is to be determined. 
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When such a magnet is placed in the magnetic field H with its 
axis inclined at an angle 0 to the field, the atom has the additional 
energy 

hAvj = H\i{ cos 6i 

where = magnetic moment of the initial state. 

This can be easily deduced with the help of 
Fig. f> where m denotes the pole strength of the 
elementary magnet. 

If the atom now passes to another quantum 
state with the magnetic moment p/, and angle of 

inclination Of. the additional energy due to the 
field is 

//ZWy II\if cos Of 
Hence the Zeeman separation is given by 

a II , 

Av --- (p, r os 0j cos Of) 

We have therefore* 

Av “ (u/ cos 0i —a,: cos Or) 

- 1 f/(a/ cos 0j — (if cos Of) 

Using this expression we have* now to find out the value of a 
for the general type of atom, from an analysis of the data on 
Zeeman effect. 

From a scrutiny of these results, it was deduced by several 
investigators (Sommerfeld*, Bohr, and Pauli) that a in the first 
instance is dependent on the “inner quantum” nupiher ami not on 
the azimuthal quantum number. To understand how this conclu¬ 
sion was arrived at, acquaintance with original work is necessary, 
but some idea may be formed from a reference to the anomalous 
Zeeman patterns of sodium. Sodium D x and I) 2 lines have the 
same k for initial and final orbits, namely 2 and 1, but their 
Zeeman patterns are different. Hence a cannot be dependent on 
k alone. A better example is the Zeeman pattern of the three lines 
forming the triplet ps group of two-valence elements, which are 
widely different, though /, for the initial and final orbits an* the 



* For details see A. Sommerfeld, h><\ at. 
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vsamo in all cases. First as a tentative measure, a was taken pro¬ 
portional to ./, which for 2 po was taken to be 0, for 2/q to be 1, for 
2 j } 2 ... 2, and this supposition, after some modification proved to be 
thoroughly successful. We now put the magnetic moment of an atom 

= .( 21 ) 

where / = inner quantum number, i g J is a factor to be determined. 
It was first correctly determined by Lande, and has received the 
name of Lamt > ; -/ "actor. 

The change in energy of an atom-magnet measured in frequency 
is given by 

Av — a ij j cos 0 «= a y. m .(22) 

where m = j eos0; m is known as the magnetic quantum number. 
The possible values of m are 

h ./-I* 7--\ ...~7 

/>., for a term having the inner quantum number j, there are 2/4-1 
magnetic quantum numbers. 

Thus the in 's are projections of j on the <*\ r ternal magnetic axis, 
as shown in Fig. 7. 

II represents the direction of the 
external magnetic field, ,/y? -= 3 is the 

./-vector of the final quantum orbit. 

This is represented by the radius 
vector of the upper dotted semi¬ 
circle. The corresponding /^-values 
are shown by the projections of 
the radii in different directions on 
the magnetic field axis. It is easy 
to see that m=3 along the direction 
of II, then it diminishes successively 
by 1, and finally m = — 3 in a 

direction opposite to that of II. 
m thus takes the serm values 4-3, 2, 1, 0, -1, -2 and -3, and the 
corrcsi*aiding quantum sublevels are shown against the projections. 
Similarly the /-vector of the initial orbit is j. = 2 (radius of the 
lower dotted circle), and the corresponding quantum sublevels have 
///==2, 1, 0,-1 and -2. The three sets of lines corresponding to the 
transitions Am = + 1 and 0 are shown by the three systems of 
arrows. 



KIk;. 7 —Tin* magiiftic (piantum number. 
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Wo hi}vo then for any transition 


from initial to final orbit 


Av 

a 


= vp-9,»* f 


(23) 


which giv('s the Zeeman separation of any spectral line . 


213. Correlation of Formula to Experimental results.— 

With t-lio aid of this formula, it is possible to get all the Zeeman 
components. Correct values of the gfs and m’s were obtained after 
repeated trials. Wo give here a few chief results; the full results 
will be given later. 

( 1 ) it was found that for terms of even multiplet, all the fs 
must bo half numbered. 

(2) For terms of odd multi plots, j’s have integral values. 

All the <f values were at first obtained bv trial, and theoretical 
interpretation came later. But at the present time it is possible to 
write out r/ and j values from a few simple rules which will be ex¬ 
plained later. 

There must be a selection principle 1 for m, and this is the same 
as that for /. Allowed transitions tire 

m m .... giving jt — components 

^ f ' 1 

m .... giving 0 -components 

///— 1 

The transition m ~0 m ^=0 is allowed. The justification for 
these rules was given by the corres|x>ndonee principle and later by 
Wave-mechanics (ride infra). 

The methods of writing out the Zeeman separations on this 
basis are illustrated in the following tables. ' 

Take for example the Dj line of sodium. It arises out of the doublet 
spi combination or a transition 2 Pj 2 Si.. The ^-values of the 

initial and the final terms are 2 and 2/3 respectively. These are 
shown in the first three columns of the table. Again for each of the 
two terms, j ~ I, hence m = + 2 or — i, and the corresponding 
w^-values are- 1 , + 1 for 2 Si , and - £, + i for 2 P^ . These are 

shown in column 4. The allowed transitions are (-l-* — &), 
(1 -*• i ), (— 1 i) and (1 - |) as marked by arrows. We thus get 

altogether 4 components having the separations A v/a = dt 3 (2^4) 
as represented in the last column. The two components having 
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Av/a = ± 2/3 arise out of transitions A/m — 0, and they are 
^-components, and the other two (A rn = + 1) are o-eoniponents. 


Tahir /. 


Combination 

1 Term 

\ m 

\ 

1 

1 -3/2 -1/2 1/2 8/2 

Av 


'—. 

<L_ _ . 

' _ _ __ _ ..._ 

n 


2 S, 

*> 

j -1 1 

i 

D| . . . A- //, 

! 


JXJ 

t .1 (2, 4) 


! 2P 

i •> 

2/>, 

— 1/3 1/3 



2 S, 


' -1 1 

- . -- 

D 2 . . . ‘V )H 



/IXI\ 

-+. i (t. 3.:.) 

____ 

2P ? 

■->/» 

i—0/3 -2/3 2/3 (i/3 


... <*-: - . .. k - > - 


• 

. 

—2 -1 0 1 2 





.. .. 

~. _ 


3 S, 

2 

-2 0 2 


Po * 

1 



.1 (0. 4) 


3 Po 

1 

0 

n 



1 

38, 

2 

-2 0 2 


Pi s 1 

1 


JXX1 

± l (i 4) 


3 P. 

8/2 

-3/2 0 3/2 



3 Si 

2 

-2 0 2 


P2 * 



XXJXIX 

± 1 (0,1. 2, 3,4) 


3 P* 

8/2 

—6/2—3/2 0 3/2 6/2 


Similar i 

maiyses show 

that the D>-line would split up into 

6 components ; while for the ps — triplet, we would get 3 components 


from po — combination, 6 from .s* p\ and 9 from .s* p>. 

These results agree with the experimental results ((noted 
in Fig. 5, p. 400. 
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Proceeding on this basis of analysis of Zeonuin-separatioii, Back 
and Ijandc, worked out in detail the theoretical Zeeman patterns lor 
a large number of multiplet spectral lines. Fora comprehensive list, 
see the tables published in Burnt tt of Slattdanl Journal of Reseat rlt % 
by Kiess and Meggers, 1, 641, 16*JS, or p. 108 to '200 of Back and 
Lande s book dor . ritX 

As a result of extensive studies of the intensities of the Zeeman 
components, certain general rules regarding their relative intensities 
have been arrived at. It is found that when the Zeeman components 
arise from transitions between orbits which have the same number of 
magnetic levels, as in the doublet sp t , and triplet pi-s'-combinations 
in the last table, the ji-eomponents corresponding to the 
ertretne (vertical) arrows in the scheme an* the strongest, while tin* 
a-COTuponents corresponding to the middle (slanting) arrows in the 
scheme are the strongest. But when the Zeeman components arise 
from transitions between orbits which possess unequal number 
of magnetic levels as in doublet sp 2 and triplet /><>*, P> s 

combinations, tin* rules are reversed. Thus for the triplet /q.\ tin* 
Jl-components A vja •— + 2 are the strongest and o-coniponcnts 
AvW = + 3/2, 12 are almost equally strong, whih* for tin* triplet 
the Jt-components Av ft = 0, and a-components A vja — i 2 2 
are the strongest. The intense components an* denoted in thick 
types in the last column of the table. 

214. Experimental Test of Directional Quantisation of 
Atoms : Stern and Gerlach Experiment.— The above theory 
of Zeeman effect involved many assumptions which were only gra¬ 
dually verified. One of the chief assumptions is that- if an atom 
magnet be placed in a magnetic held, the equilibrium position is not 
given by the classical theory of magnetism, for in that case, the magnet 
would always align itself parallel to the lines of force. Neither is the 
axis oriented at random, but is inclined at definite angles 

0 = cos y(j,j-\ . . . -;).(24) 

to an arbitrarily fixed external axis, as shown in Fig. 7, p. 405. 

The deduction is rather surprising, for it signifies that the 
atom-axis can point only to certain privileged directions as indicated 
by arrows in Tig. 7, any haphazard direction is not allowed. 

ihough the entire explanation of Zeeman effect is based on this 
hypothesis, the phenomenon affords no direct proof of this, as we 
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are here concerned only with the difference of the term values aris¬ 
ing out of the oriented states. Stern and Gerlach* however devised 
an ingenious method for experimental verification of this para¬ 
doxical hypothesis. Their experimental arrangement is shown in 
Fig. 8. 



PI*. 8. Arrangement* of Stern-Gerlaeh Experiment. 


A beam of silver atom produced by heating silver in a small* 
oven (), and rendered parallel by a number of fine slits St, S 2 is- 
allowed to pass through a non-homogeneous magnetic 
field PP, and is received on a photographic plate A. 

The inhomogeneous field is produced between two pole- 
pieces of an electromagnet, shaped as shown separately 
in Pig. 8 (b). On developing the plate no trace is 
obtained of the direct beam, but two traces arc (h) 
obtained equidistant from, and on either side of what Fl * K 
would have been the trace of the direct beam. The direct beam 
has evidently been split up into two beams by the influence of the 
magnetic field. The interpretation of this result is as follows. 

The energy of an atom-magnet whose axis is inclined at an angle 
0 ~ cos* 1 (mjj) to a magnetic field II is 



- mg. 


fih 

47tm 0 c 


H 


(25) 


as proved in §212. The components of its magnetic moment along 
the direction of It is equal to mg. eh/inni'C, that is to say, /mj-Bohr 
magnetons. Now according to the assumption involved in equ. 
(24), m can assume (2/4*1) values between 4-/and — j. When a 
stream of such atoms is sent through a non -hornogetteons magnetic 
field of gradient <1H/ds , each atom would be subjected to a force 


rh_ dff 
m ®' 3 8 


(2<i> 


* 0. Stern and W. Gerlach, Ann. d. Phys 74, 673, 1924; W. Gerlach,. 
Ann d. Phys., 76, 163, 1925. 

P. 52 
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This force would split up the atom-beam into (2j + l) separate 
streams corresponding to the (2; + l) different values of the magnetic 
moment. Further, the deviation of any stream from its original 
course would be proportional to the factor mg. ^ e can obtain an 
expression for the deviation in the following way. 

Suppose t;=the velocity of the silver atoms corresponding to 
the oven temperature 7* (in absolute scale), and /=the length of the 
wedge-shaped pole-piece. Then the atom is subjected to the 
magnetic field for a time 1/r. Since it possesses an acceleration 
f = dH/ds. (mg. ehlinmo^fmo. the atom is deflected on coming just 
outside, the field, by an amount 

lAl 1 dH ( / \ 2 eh 

S = i/7 2 = 0 - —— (- ) * 7- mg 

2m o ds \ r / 4 iw? 0 r 

But hm 0 v 2 = U'T* 

for atoms in equilibrium, where /."Boltzmann's constant. 


Hence 


r 2 m dll eh 

fikT ds \jvn 0 e 


(27) 


This would be the deflection of the trace on photographic plate if 
the latter is placed just outside the pole-pieces. But in actual 
practice the plate is situated some distance apart, [f «=distance 
between the plate and the end of pole-pieces, the additional deflec¬ 
tion is f. la tv 2 , so that the total deflection 


s 


1_ dH 

6kT ds 


eh 

Anmoe 


mg . / 



. (28) 


as proved on p. 83, Chap. III. 

For silver atoms, as already mentioned, two traces were 
obtained. This can be seen from an actual photograph reproduced in 
Plate VIII, Fig. 9 from the original due to Gerlach. On measuring 
the deflections, it was found with the aid of relation (28) that these 
corresponded to mg = ±1. It leads to the conclusion that the 
Ag-atoms orient themselves in the magnetic field in such a way that 
their resolved magnetic moment along the field direction is + 1 
Bohr magnetons. 


* Stern found, however, from direct measurements that the mean velocity 
of the silver atoms issuing through the slit is given by the expression 
i mv* kT/2. ‘ 
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This is exactly what is to be expected from the spectroscopic 
theory. For, the normal state of Ag-atom is 2 S, , which gives only 

two values of m =* + i and — 1 ; and 0=2. So we get mg~ +1 
and - 1. 

The results expected for other spectroscopic states of normal 
atoms can be predicted in a similar way. A number of cases is 
shown in the following table, the expected pattern being graphically 
shown in column 5 of the table (the scale is arbitrarily chosen). 

Experiments have been performed by Phipps and Taylor*, and 
Wredef on hydrogen, Leut on K, Na and Tl, Taylor§ on Li and 
other investigators on different elements in the periodic table to test 
the predictions given in Table 2. Except in the cases of Bi, 8b, Ni 
and Fe, they have obtained patterns in good agreement with theo¬ 
retical predictions. In other cases, on account of experimental 
difficulties, the results are in general inconclusive. Taylor’s results 
on Li have also been found to be anomalous. 


Table 2 .— Theoretical Stern-Gcrlarh Pattern of Elements. 


Elements 

. > . 

Norm. 

state 

n 

my 

Stern-Gerlach 

Pattern 

H, Li, Na, K; i. 

2S i 

> 

— 1 4-1 II 

On, Ag, Au ) 



Zn, Cd, Hg . .. 

'S 0 

0 

" ■ 1 

Sn, Pb 

3 P U 

0 

" j l 

Tl (81) 

2P 4 

2/3 

-1/3 +1/3 

i i 



4/3 

-6/3 -2/3 +2/3 +6/3 

i i i i 


3 P> 

3/2 

-3/2 0 +3/2 

i i i 


3 P 2 

3/2 

-6/2 -3/2 0 +3/2 +6/2 

Mil! 

P, N 

i 

<s 

2 

1 

i 

-3-1 +1 +3 

1 1 1 1 


* E. Phipps and J. B. Taylor, Phys. Rev., 29, 309, 1927. 
t E Wrede, Zs.J. Phys., 41, 569, 1927. 
t A. Leu, Zs ., f Phys.y 41, 551, 1927; 49, 498, 1928. 

$ R. G. J. Fraser, Proc. Roy. Soe. A , J14, 212, 1927 
)j J. B. Taylor, Zs., f. Pkys.> 52. 846, 1929. 
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215. Land#* Tables of Inner Quantum Number* and 
^-Values*—The inner quantum numbers and / 7 -values for the families 
of terms in an alkali spectra (doublet) are shown below in table 3. 
Lande was able to arrive at these values empirically from an 
analysis of the great mass of data on the Zeeman splitting of multi- 
plets collected by the long and painstaking experiments of Back 
carried out at Tubingen. 

For the doublet (**=1/2) sharp-series y=l/2, for the principal 
series i=l/ 2 , 3/2, and so on. The 17 -values are 2 for the ^-series, 2 / 3 , 
4/3 for the p-series corresponding to /=l/2, 3/2 respectively, and 
so on for other family of terms. 




Table. .7.— Doublet Terms (*=1/2). * 



j 

' 1 

■ 2 i T . 

- 2 *> 2 1 > 

;.=i,« 

.1 

0 

t 

*- 2 , V 

1 

or 

\ > 

4 k 

•A-3, (1 

! 

» i 2 ! 

i i 

/.=4, f 


■5 I .'5 ! 

4>. s 

7 7 

II 

'■ic 


i f 4 | 

* J Q 

fl !• 



1 

//-values 

For 

the singlet terms, the Zeeman effect has been found to be 

normal. 

below. 

Their 

inner quantum numbers 

and //-values are shown 



Tube 4. — Singlet Terms (.s=»0); 
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1 
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1 
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1 

0-values 
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For the triplet (s— 1) terms, they- and //-values are shown below. 
Table 5 .— Triplet, terms (s=l). 




j 

^ ./! 

0 

/ '' j 

1 2 ;s 4 

/. =!, * 

l 


0 

2 

1 

/■ = 2 , p 

0 1 

2 

1 0 

:i :i 

2 o 

fr-3, d 

1 

2 l] 

1 

2 ! 

1 7 1 

3 

i-4, f 

i 


2 3 4 

i 

2 l :t 

12 1 

*-5, g j 


4 r, 

4 

•'{ i 1. 

1 2 it 

i 




. 7 -values 


For quartet (.s - =|) terms, the values are as follows. 


Table H.— Quartet terms (s — i). 


/. -I, -s- : 2 

*- 2 , p : 5 2 
3, >1 ; i 2 
M, f ; 2 

/:=5, g ; 


./ 

j 

i :j 7 

/ 


0 

i 

I 

S 2 li ,s 

2 

0 - \ s i j» 

3 ■ i 

2 :i i* 7 n 

"• 55 •" (5 :i 

4 j 

I r, 2 

7 i; 


(/-values 


1 1 I! 

fl 


11 


If 


•216. Mechanical Interpretation of Inner Quantum Num¬ 
ber. —From ‘the above tables, we find that the inner quantum 
number j can be represented as the rector stun of two numbers, /, 
which is (A — 1 ), and * which is obtained from the multiplicity by the 
rule s=*(r— 1 )/ 2 . 

We shall now explain what is meant by vector sum. If we have 
two vectors a and />, their resultant e is given by 

c 2 *= a 2 -f b 2 —2ab cos $ 

and according to the value of $,a+b can have all values between a+b 
and a—b. Let us now assign to e, in accordance with the general trend of 
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the quantum theory, only such values which differ from a+b by integral 
numbers, i.e. y 

c - a+6, a+6-1, a+b-2 .(a -b) or (b -a) 

whichever is positive. 

Then c is said to be the quantum vector sum of the vectors 
a and b. 



With this definition of c, we find that for the doublets the 
/-values are given by 

I/I - I iFl+il 

For singlets, \j | — | A- —1+0 | , for triplets / = | k— 1 +1 | . 
Thus the /—values for 3 P are given by 

| 1 + 1 | - 0 , 1,2 

Hence we see that in general 

/ = 1 l+s | .(29) 

where i=/c— 1 , and .v= 0 , i, \ . . . . for singlets, doublets and 
triplets. 

This rule is quite general, and has been found to be correct 
for spectra of higher multiplicities. We have, in general 

* = -~-= 0, i, i |.(30) 

for singlets, doublets, triplets, quartets, etc...., where multi¬ 
plicity number. 
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The geometrical construction for obtaining the vector sum of 
two vectors l and s with a given angle 8 between them is known ns 
the triangle of vectors and is shown in Fig. 9(c). The method is 
as follows: draw a vector s=OS, and from S draw the vector /=SL 
on the same scale and making angle 8 with it. Then OL is the 
vector sum / of s and /. 

Sommerfeld utilised this method for obtaining /, s, /-schemes for 
odd and even multiplets of s, p, d , terms, as illustrated in Figs. 9 ! n) 

and ( b) for quintet and sextet respectively. For odd multiplicities 
we know .s== 0 , 1 , 2, 3 . . . for singlet, triplet, quintet, septet .... 
Further, /•= 0, 1,2, 3, 4, 5 for .% p, d, f, g- terms. From the origin 
.s* 0, the successive dotted circles .s*=l, 2, 3, 4 . . . are drawn. For 
quintet *=2 ; this is represented by the arrow 02. With the upper 
end 2 of this arrow as centre successive circles in full line are drawn 
having radii of 0 , 1, 2, 3, 4, 5 units. These represent the /-vectors 
for .«?, p, d, f\ g series respectively as marked on them. The points 
at which any of the s-circles cut the *, p, d , /'. . . circles are marked 
with the same value of s. Then the figures on any series-circle 
give at once all the /-values for the quintet terms of that series. 

Thus from Fig. 9 (a\ we have for quintet p-terms ./== 3, 2, 1; 
for quintet d -terms /=4, 3, 2, 1,0 and so on. The method may be 
extended for even multiplicity, only here we have to use half-quantum 
numbers s~ i, 3/2, 5/2 .... for doublet, quartet, sextet . . . The last 
case is illustrated in Fig. 9 {b). 

The /-values for singlet, doublet, triplet and quartet *, p, d, f\ g- 
terms have been given on page 413 and those for the higher multipli¬ 
cities are given below, and they will be found useful later, when 
complex spectra are discussed. 






Table 7. 


1 1 

Quintet, .s 

?=2 

i 

' 1 

i 

Sextet, ii 

0 


o 


°i 

■> 

1 

i 

2 3 


i ; 

i 

2 •> '2 

•> 

f 

0 I 

2 3 

4 

2 ! 

i 1 % l ;! 

• 

3 

1 

2 3 

4 5 

3 ! 

1 

■' 3 5 7 H 11 

> 4 4 0 4 4 

4 


2 3 

4 5 

fi 4 ! 

! 

3 :» 7 ;* 11 

2 •? 2 2 2 
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217, The Vector Model of the Atom. —Let us now consider 
the mechanical interpretation of this most interesting result. Since 
|xgj represents the magnetic moment of the atom, and j= | k — l+s | 
we are led to the conclusion that magnetism of atoms arises 
from two entirely different causes. In the final result, these are 
vectorially added. These causes are : 

(1) The motion which gives us the /.-quantum number. 

The /.-quantum number has been identified with orbital motion, 
and it was remarked a little while ago (see equation 20) that the 
magnetic moment of an electron moving in an orbit with the 
azimuthal quantum number /.* is 

L 

4jc cm 

But the present analysis shows that this is not cpiite right. 
The magnetic moment corresponding to the /.-quantum number is 


(/.-l) 


eh 

4:t cm 


or /- 


eh 


4:KCi)t 


. CM) 


This res h! t therefore required o thorough revision of the Bohr - 
Sommerfetd theory , and trus Inter justified by Ware-mechanics. 

(2) Tin? second part of magnetism arises from the multiplicity 
quantum number .s. It is s.ehAitcm. 

We have now to consider the mechanical interpretation of the 
^-quantum number. 


218 . The Spin-Quantum Number.— A scrutiny of the 
spectral data shows that ,s increases with the complexity of the atom. 
Thus we have the following multiplicity for elements of successive 
groups: 

I. II. III. IV. V. VI. VII. 

Na Mg A1 Si p g q \ 

Doublets Singlets Doublet Singlet Doublet Singlet Doublet 
Triplets Quartet Triplet Quartet Triplet Quartet 

Quintet 

V e ascribe the lines to the motions of a simple electron* modi¬ 
fied by the presence of other electrons in the incomplete shells* 
Hence the complexity observed is due to the action of the remaining 
electrons in the incomplete shell. 
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Thus in accordance with the considerations given on page 369* 
we suppose that sodium (11) has a completed Ne-like structure, and 
one valency electron. The lines observed are due to the motion of 
the valency electron. Elements like Mg are sometimes called 
two-valence elements. Though most of the arc lines are due 
primarily to the vibration of one electron, the presence of the other 
electron profoundly modifies its motion, and converts the spectrum 
into a singlet and triplet system of lines. 

Pauli brought conclusive evidence to prove that the increasing 
multiplicity observed when there are more than one electron in the 
incomplete shell, must be due to a superposition of the individual 
effects due to each of the valency electrons. Further , a single 
electron moving in a radically symmetrical field does not give ns a 
singlet spectrum, for which s — 0 , but a doublet spectrum s =» 1/2,. 
as is exemplified in the case of the alkali elements . 

According to Pauli, the motion of each electron is characterized 
by four quantum numbers n y l , * and m. He further discovered the 
remarkable fact that .* has a fixed value, and is equal to i for each 
electron . This causes some difficulty when we wish to interpret the 
results from the point of view of mechanics. For a particle, as we 
understand it, can have only 3-independent degrees of freedom,, 
and hence the number of independent quantum numbers should 
not exceed three. This is exemplified in the Bohr model of 
the H-atoin. Here we have three quantum numbers n, k and m, 

‘ n } represents total energy, k the angular momentum and cos & 
represents tilt of the axis of the orbit to some axis fixed in space. 
Now we find that we must ascribe a fourth quantum number 
to the electron. We are therefore endowing it with more degrees of 
freedom than a conventional geometrical particle is capable of 
possessing. 

219. The Rotating Electron.— Goudsmit and Uhlenbeck* 
suggested that the difficulty can be g( t over by supposing that the 
electron is not to be conceived as a geometrical particle, but as a 
sphere with definite extensions, and rotating about an axis fixed 
in itself. The conception is not new, for a theory of rotating 
electrons was developed by Abrahamf to account for magnetism 

* Goudsmit and Uhlenbeck, Natnrwiss , 13, 953, 1925; Nature , 117,. 
264, 1926. 

f Abraham, Electricity and Magnetism . 

F. 53 
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from classical electromagnetism. He showed that if a spherical 
charge e having the radius a is made to rotate with the angular 
velocity co about an axis fixed in itself, it possesses definite 
mechanical and magnetic moments. These are : 


4 ) 

Mechanical Moment a = p- co = £ via 2 a) 


Magnetic Moment 
Ratio . 


a e 

li M JL 

si me 


CO 


.. (32) 


It may be observed that the ratio between p and a for orbital 
motion is just half this, ci\ ., c/2 me. 

Goudsrnit and Uhlenbcck postulated that the electron inside 
the atom is rotating with such velocity that its mechanical moment 

h 1 h 

a = * jr- — :rr 


This enables us to calculate co. It can be easily verified that 



where a = Sommerfeld’s constant. 

The linear velocity at the periphery of the electron thus comes 
out to about 308 times the velocity of light, a deduction which has 
still remained incomprehensible. 

In spite of the difficulty that the surface has to rotate with a 
speed which is about 308 times the velocity of light, the rotating 
electron has got some very recommendatory features. The ratio of 
the magnetic moment to the mechanical momenjt comes out to be 
e/mc which is more in accord with the results of the gyromagnetic 
experiments on the ratio between the two moments.* It also 
removes a mechanical difficulty. According to the orientation 
hypothesis, the atom-magnet can be in equilibrium, at any tilt to an 
external axis given by 0 =* cos " 1 ( m\j ). But according to classical 
dynamical principles, only the position 6 = 0 (the atom-axis parallel 
to the magnetic field) is one of stable equilibrium. The position 
9 8=8 n (atom-axis anti-parallel to the field) is one of unstable equili¬ 
brium. The others are not positions of equilibrium at all. But if we 


* See Chap. XVI on Magnetism. 
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suppose the electron to rotate rapidly round an axis, it behaves more 
or less like a gyroscope, and hence the orientation of the electron- 
axis at any angle does not present an insuperable mechanical 
difficulty. 


If magnetism arises from the orbital and spinning motions of the 
electron, the question arises whether it is possible to observe directly the 
magnetism due to an individual electron. Many attempts have been made 
to observe this without success. Bohr has given from the uncertainty 
principle a very simple argument to show that it is not possible to 
observe this phenomenon. 

Suppose observation is made on a single electron by means of a 
magnetometer placed at a distance R from it. The electron has a magnetic 
moment \i**ehfinc?n and it produces a magnetic field at a distance R 
given by 




JL 


. (34) 


or A II A R .(34') 

If H can be measured, p can be determined. For the success of the 
experiment, the error in the determination of H must be less than H 
itself, or 

A H<H. .(35) 

or from (34), (34') ^ A R < 


i.e., A R < R .(36) 

Now if v = velocity of the moving electron, the magnetic field due to 

it is 


Hi 


ev 

cR* 


or Affi Av .... (37) 

According to Heisenburg's uncertainty Principle ,* whenever an 
observation is made on any system, there arises an uncertainty in the 
measurement given by 

A^ A(/ > h/2lt 

In our present experiment the uncertainty is 
At? A/? > h/2icm 

v zi = £ hi 

or from (37) AH i > 77^ 2^7 Art 


* Vide Condon and Morse, Quantum Mechanics , Secs. 6 and 62, 



420 


ZEEMAN EFFECT 


[X 


Hence. 


or 


js_ h_ L ^ Ji 

c/2 2 2Jtm Alt ^ R* 


^ <*_ 1 

^ 4jmc /2 3 


1 

A/? 


or AA>A 


from (35) 


(38) 


This condition is contrary to the condition (36), which proves the im¬ 
possibility of the proposition. 

The idea of the rotating electron provides a very sugges¬ 
tive picture of mechanical processes involved in the production of 
series lines. If it is correct, the elementary spectrum, /.<?., the 
.spectrum produced by the motion of an electron round a bare 
nucleus (as in H-atom) should be a doublet spectrum , as in alkalies . 
In other words , the hydrogen spectrum should be exactly analogous 
to the spectrum of sodium . Goudsmit and Uhlenbeck* proved that 
this was exactly the case, and calculated the energy-values of the 
H-atom on the new basis, and was able to explain completely the 
fine structuref of the Balmcr lines and of the He+ line \ 4686. 
These calculations are given in the following section. 


220. The Rotating Electron in the Field of the Nucleus,:):— 

The calculations given here are rather too complex and are of the 
nature of patch work, but unfortunately no simpler method of 
arriving at the final results for this fundamental problem has yet 
been found. In the following we give only the barest steps, bringing 
out only the physical points. Many steps will appear to be rather 
arbitrary and certain assumptions not quite obvious will have also 
to be made. 

A method of deducing the results from Matrix Mechanics was 
given by Heisenberg II and Jordan. Diract has given another method 
which makes use of the principle of relativity and his form of 
quantum mechanics. None of these methods is, however, easy to 


* See Pauling and Goudsmit, Structure of Line Spectra ,, Chap IV, 
p. 58. 

t This subject has already been discussed in Chap. VII, § 178. 
t For detailed account see II. d. Astrophysik, 3, (1), 410, article by 
S. Rosseland. 

II W. Hei sen burg, and P. Jordan, Zs. f. Phys37 , 256, 1926. 

If P. Dirac, Proc. Roy , Soe, A , 117, 610, 1928; 118, 351, 1928. 

W. Pauli, Zs. f Phys., 36, 266, 1926. 
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grasp and physically “ anschaulkh” though they may be logically 
more sound provided the reader has mastered the foundations of 
these logics. In the following the method of Goudsmit and IJhlen- 
beck is followed. 

According to classical electromagnetism, an electric field F mov¬ 
ing with the velocity v produces the magnetic field H, given by 

H = l -\Fv\ .(39) 


If an electron, moves in the field of the nucleus of charge Za, at 
a distance r, we have 



Hence we have 


H 


1 Ze. x 

“TL r - 0 • 

r r 6 


Now we have from the quantum conditions : 


m \r.v] 


l . 


h 

2k 


Hence 




h Zr 
2k)hc r s 


(40) 


Now the electron possesses an intrinsic magnetic moment 
(s ///2k) ejme due to, as we say, its rotation about an axis. Hence in 
the magnetic field f/, it will undergo a precession with the angular 
velocity 


w, 


sme 


H 


Ze 2 _ 
2m 2 e 2 


. . . (41) 


The extra energy due to this processional motion is given by 

cos (/. *■) 


1 . Zr'h* , 

2 (2 nmc) 2 



si. cos (si). 


(42) 


It was found however that this gave double the increment 
required. Thomas 1 " showed that the precession treated here is 
that observable in a co-ordinate system in which the electron is at 
rest. What we want, however, is the precession in a system in 
which the nucleus is at rest and the electron moves with the velocity 


* Thomas, Nature, 117, 514, 1926; Phil. May., 7 (3), 1, 1927. 
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<a u . This is knowu as the Thomas precession. It reduces the 
angular velocity of precession to half its value (vide Note 4, Appen¬ 
dix), we have therefore 

1 Ze 2 /, 2 


A W=- t 


—T * sl. cos (/ s). 


(43) 


4 (2jt me) 2 

Again r is not a constant in the general case of orbit, so we have 
to take its mean value. We have (vide Chap. XVIII on Wave 
Mechanics) 




n 


Z 3 

3 


/(/+*)(/+!) tfo 3 n* l(l+m+1 ) 


i a 0 > is the normal radius of the H-atom. The nuclear charge ‘ Ze \ it 
should be noticed, occurs because the radius of the electron moving 
round a nucleus with a multiple charge Ze is ao/Z. 

Putting this value in (43), we obtain after some work 

A sl. cos sl . . . (44) 

A s 2 + l 2 -j 2 

Ordinarily — cos .s7=- 

because j is the resultant of s and /, but in quantum mechanics, we 
have the general rule that if ‘ a 9 is a quantum number 


a 2 = «(# + !). 


Hence ~*.s7. cos.s7 = 1 [s(8+l)+l(l+l)—j(j+l)] . . . (45) 

We have to add to (44) the Sommerfeld Relativity Correction 
Ra 2 Z i 


-i). 

u \ in k ) 


It was shown that for Ic we should substitute 
have, for the state (n, l, j) 


. . (46) 

Hence we 


j(j+i)-ni+i)-s(s+i) 

2 Ki+m+i) 


4 n J+* J 


(47) 


Av = Ba a Z*.— 3 [ 

nr L 

For the term T(n, we find putting $=£, j^l+k 

A Ra 2 Z l t 3 1 \ 

Av —^(sTm).<«> 


For the term T(n, /,/=/-£), we have putting s—i, 


Av- 


Ra 2 Z* 


(- 
\ 4 n 



(47") 
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Hence we find that for hydrogen and hydrogen-like ions 


lp i Kp i“ n V D t~ nF < 


as stated in § 178. 


The investigation shows that the hydrogen spectrum is exactly 
similar in nature to the alkali spectrum with the conditions just given. 
The student can now read the discussion on Pine-Structure given 
in § 178, Chap. VII. 


221. Doubling of Levels in Alkali Spectra. — We mentioned 
in § 188, about the doubling* of terms in alkali spectrum, nix., all terms 
excepting the S-family are double. Tn the present chapter, we have 
seen that the doubling is due to the interaction of the spin of the 
valence-electron with its orbital moment due to /^-coupling. If we 
assume the core of alkali atoms to behave like a charge (Z—.s Q ) e 
where .s 0 is the screening due to the outer shell, then we can easily 
obtain a quantitative expression for the doubling. We have only to 
substitute Z—is Q for Z in formula? 47', 47 We thus obtain that 
for a term T(u, l, y=Z+J) we have 

R(Z-o ) 2 Ra 2 (Z-s)*(S I \ 

V- --1- .7:1— h:“ /.,-)• • -(48) 


M 2 It' \4 n 1+1 

and for the companion-term T (n, I, j—l—i) we have 

__ IKZ -oY Ra a (Z-s. Y (J_ _ l \ 

v »' Uw II 

Thus we have 


- n * T i+i 


Ra*(Z-s+ 1_ 

i? ' /(/+1) 

08 “- »• 1(1+ 1) 


where we use 


Bo. 1 


109765 
(137) 2 


= 5*82 cm -1 


But though this formula gives a general explanation of the 
doubling, it cannot be used in this simple form to give us the value 
of o, i.c., we cannot identify o and .s 0 . It is very difficult to calculate 
the screening due to the completed shells. It is largely affected by 
the nature of the orbit described by the valency electron, so that 
a varies for different families of terms. This subject will be more 
rigorously treated in a later section. 

The vaules of s, obtained for the p-separations, as calculated 
with the aid of (50), are given below for the Li- and Na-groups. 
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Table 8. Av = 2*P* -2*P* of the Li-group. 


Spectrum | 

Li 

! + 
!d* 

B++ 

c+ s 

1 N + * 

O+s 

p+6 

— 

Av(cm->) 

•338 

6*61 

34*1 

107-4 

259-1 

533-8 


. 

*• 

202 

1-94 

1-88 

1-86 

1*84 

1-82 



Table 9. Av = : 

3 2 Pj — 3*P|. of the Na-group. 


Spectrum 

1 Na 

( 

Mg + 

1 Al ++ 

Sl +I ‘ 

p+4 

S +r> 

Cl +6 

Av(cnr l ) 17*2 

91-6 

1 234 

461-8 

794-8 

|l267-l 

18895 


7*45 

6*606 

i 

6-180 

5*916 

5741 

j 5-696 

5-504 


222. Interpretation of the Land6 g-factor. —The hypo- 
thesis of ‘ rotating electron * enables us to obtain an insight into the 
explanation of the Lande 0 -fnctor for which the correct expression 
was deduced by Land£*from empirical data as mentioned in § 215. The 
mathematical treatment* is given below and it further illustrates the 
coupling relation existing between the /-, and s-vectors which 
define the mechanical moments associated with the light-electron. 

Let us proceed as in the simple case, and place the atom in a 


magnetic field //, and let us consider the change in the energy of 


H 



Fig. 10. The /, «,>-veclor model. 


the atom. The atom is now com¬ 
plex, having two types of motion 
given by / and s (see Fig. 10). Let 
OZ represent 4he direction of the 
field, and let us draw a sphere of unit 
radius round O. Let us draw the 
vectors OJ, OL and 08 to represent 
the vectors j, /, s and cutting the 
sphere at the points J, L and S. 


Then we have empirically, according to Lande 


Av = 



.(51) 


* See E. Back and A. La ml 6 , Zeemaneffeci mid Multiplettstruktur, 
Chap. 2 , p. 39. 7 
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But the increase of energy can also be calculated in the 
following way. The atom, or rather the electrons composing the 
atom, possess two types of motion, (a) one which endows the atom 
with the mechanical moment /. hj 2jt, ( b ) the other which gives to it 
the mechanical moment s.h/ 2jt. When the atom is placed in the 
magnetic field, it will execute a precessional motion round OZ, and 
there will be increase in energy due to each of the two motions. 
According to (13), the increase in energy due to the /-motion is 

Avx= —— ■ III. cos (LH) 

■imnc 

and increase d,ue to .v-motion is 

Av,= • II. s cos (s.H). 

2jt me 


But from the Fig. 10, (IH) — ZL, and ($//)=■ ZS. Hence we have 

pTT 

Av = Av t + Av 2 — t -[/. cos ZL4-2.S. cos ZS]. 

4 xmc 

We have now to take the average values of the angles cosZL 
and cos ZS as the atom-magnet with its axis, processes round OZ. 
We find from Fig. 10 with the aid of spherical trigonometry that 
cos ZL * cos JL. cos ZJ-sin JL. sin ZJ. cos ZJL 
and the average value of 

cos ZL = cos JL. cos JZ* 


Similarly, 
Hence we have 


cos ZS = cos JS. cos JZ. 


Av = cos ZJ. t-— | /.cos JL + 2.s*. cos SJ|. 

4iunc 

Comparing this with (51), we obtain that 

jg = [/. cos JL+2.S* cos JSJ.(52) 

Now according to ordinary mechanics, 

cos JL =-..loo; 

But in the new quantum mechanics, the square of vector 

\ a 2 = a{a +1). Hence we have 

y(;4-l)+/(/+l)-“i‘U*+l) 
cos JL = ---—-’ cos Jb= 

- ; ./(/ + 1 ) + s(»± 1 ) “/(/ + 1 > 


cos J L 


cos JS= 


Applying these values to (52), and writing j(j+ 1) for p we obtain 
A , i (y+ 1) + s{s +1) - /(/+1) / 54 v 

9 1 + 2j{j+l) • • • • (J4> 

which is Landers expression for g. 

F 54 
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In deducing this expression, we have made use of the assumption 
that l and s are strongly coupled to each other, giving a definite 
and that the external magnetic field is unable to break this coupling. 
But the field may be so great that the coupling is more or less 
broken. This phenomenon was discovered by Paschen and Back in 
1912, and is known as the Paschen-Bark Effect. A short account is 
given in the following section. 


223 . The Paschen-Back Effect.— In 1912, while observing the 
Zeeman effect of the resonance line of lithium, viz., I 6708*2, Paschen 
and Back* found that the results obtained by them were in flagrant 
contradiction with Preston’s rule. 

The line A, 6708*2, like all resonance lines of the alkali elements 
consists of a close doublet Is - 2 p t and l.s -2 p 2 ... which corresponds 
to Di and I) 2 of Sodium. The actual wavelengths are A.—6707*85, (>708, 
Aa=T 5, Av—*34cm" 1 . According to Preston’s rule, these lines 
should split up into complex patterns, the longer member splitting into 
four components like Di, and the shorter into six components like I) 2 . 
But the natural separation between the lines is so small, that even 
with a field of 10,000 Gauss, the normal Zeeman separation is 
Av — eFf/inmc = '47cm* 1 and exceeds the natural distance 
between the components of the line /A>708. Paschen and Back 
used a field which was about 3*2 times larger. They found that 
the two lines appeared to merge into a single line which gave a normal 
Lorentz-triplot with its n-coniponcnt at A — f>707’9, />., at a distance 
of $ Avnaturai from the original longer component towards shorter 
A,, and the a-components at the theoretical distances eH/incm on each 
side of the central component. 

Similar anomalous results were obtained for Ha, the second pair 
of lines of the principal series of sodium, viz., l.s*-3pi, A, 3302*94 and 
1 s 3p 2 , A. — 3302*34, Av — 5'49cm~ 1 , as well as for the third pair 
Is —4pi, X 2853*031 and ls-4/; 2 > A, 2852*83, Av = 2*49cm" 1 , and also 
for the oxygen triplet given below :— 


2p 3 3.s 5 S 2 - 2p* 3 p 5 P :J - l 3947*438 

5 P*-A. 3947*628 

5 Pi- l 3947*731 


Av « 1*205 cm" 1 
Av = ‘676 cm" 1 


and many other narrow multiplet lines having organic connection with 


* F. Paschen and E. Back, Ann.d. Phys., 39, 929, 1912. For details 
sec H.d. Er.pt. Phys., 22, Chap. IV, pp. 124—70. 




Description : 

No field. 

2800 Gauss; broadening 
6187 Gauss ; in spite of 
7788 Gauss ; rijrlit edge < 
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each other. Lines which are not organically connected did not show 
this result, though their wavelengths may be*very close to each other. 

Paschen and Back concluded from their experiments that the 
departure from Preston’s rule is observable only when Avi.orentz 
is comparable to Av nft turai. When the magnetic field is so strong 
that this actually happens it is said to be strong. It is, therefore, 
apparent that the term “ strong, ” is only a relative one, for a field of 
32,000 Gauss which is considered strong for Li emitting X 6708, 
is weak for the Na-atom emitting the Di, D 2 lines, for now 
Avmag./Avnat. = 1*6/17 == T only. Hence to observe the Paschen- 
Back effect of Na emitting Di and D a , a field at least five times as 
great, i.e ., a field of 160,000 Gauss is necessary. 

Fig. 11, taken from a paper by Paschen and Back shows how 
complex Zeeman patterns gradually transform, when we pass from 
a weak to a strong field, into a Lorentz triplet. 



The Zeeman patterns of the oxygen lines mentioned on page 426 
as the field is gradually increased so as to become strong, are shown 
in Fig. 11a, Plate X reproduced from an original due to Back. 

224. Explanation of Paschen-Back Effect. —In §220, we 
have seen that in the case of a single electron moving in the field of 
an atom core with completed shells (as in the case of alkali metals, or 
for aluminium-like elements), the energy level becomes split up into 
two levels, on account of the coupling between the .v, and /-vectors. 
The amount of this splitting in frequency units is 

Av = A s. 1. cos si . 

RaHZ-o)* > ...... ( 55 ) 

//*/(/+i) (/+!) 


where 
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Let the atom be placed in a magnetic field. The total in- 
crement in energy is now 

Av — / — (/. cos IH + 2.s. cos sH)+A. si. cos (si) 

4 ji xm 


or — = f cos JH+2s cos s#+p Is. cos si ... . (56) 

eH/4Krm 


«, - /_eH 

* ^ 4ncm 


We have seen in §222, that when the coupling between s and / is 
strong, they unite to form a ‘j ’ vector. The value of * for a single 
electron is ==J ; and j~l+l and /-£. Corresponding to the two 
values ofthe orbit splits up in two with the energy difference equal 
to that in (50). The additional splitting of each orbit, due to the 
magnetic field, in such cases, can be calculated as described in §212, 
as was first shown by Lande.* 

But when H is very large, (3 is small, the coupling between 
s and / is broken and the inner quantum number j ceases to have 
any meaning. In such cases, the s and /-axes precess independently 
round //, and we can put 

cos (s f{) = n/ s , where m H = .s‘, .v — 1, . . . — .v 


/ cos (Iff) — nii , where n/j = /,/-!, ... —I 


and cos (si) = cos ( sH ) cos (Iff) 

from spherical trigonometry, and si cos (si) = mm l . Hence we have 

Av = nii m s , 

where P is a small fraction. 

Let us now apply these formula to the doublet terms in the 
alkali spectra. First, we have to find out the term values without 
the field. This is obtained from the formula (55) 

v = v 0 -f A. si. cos (si) .(57) 

Now the two terms correspond to y=/+£, / =* / — and wc have 

2 si 


* A. Land6, Zs. f. Phys., 8, 278, 1922. 
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Hence wo have j «■ /+>, V = v 0 + All2 

j — l-i, V = v 0 - yl(/ + l)/2 


or Av = A ('21 +1 )/2 

For P, . . . . v = v 0 -d, P,.v = v 0 A/2 

We have v„ «= : 1 ,(2Pj I P, ).(58) 


i.r., the neutral frequency v 0 is obtained by attaching the weight 2 
to P„ and the weight 1 to P, and finding out the centre of gravity. 

The e.g. is equal to v 0 . 

For I), v — v 0 + .4, I),, v — v 0 ‘5,4/2 

v - M3D t + 21),, ).(59) 

i.r., the weights of 1)^ : I)., are as .‘5: 2. 

The Zeeman splitting for strong fields and transition from weak 
to strong fields in the case of the sp-doublet of sodium is shown in the 
following diagram (Fig. 12). 

m, rn s m, + 2m 9 



Fig. 1*.— The complete Zeeman effect for 1)| , !>., linen of sodium Transition from Weak 

to Htrong field. 

This figure gives a complete symbolic representation of 
Paschen-Back effect. Sj is the lower orbit, Pj , are the higher 

orbits. I\ v 0 +A/ 2, P, so that v 0 is at the c.g. of the two 

levels, because the weight of P^ is 4, while that of P, is 2. 
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In a weak field, Pj breaks up into 4 magnetic levels having w=|, 

4,— $, and into two levels having m = ±|. The lower orbit also 
splits into two w-levels m ** ± I. Transitions take place according to 
the selection rule Am = ± 1 or 0, so that we get 4 components for 
Dj, Sj — P^ and 6 components for D 2 , Sj — Pj as shown by the central 
arrow scheme. The Jt- and o-components are also indicated. The behav¬ 
iour of the level system in a strong field is shown by the scheme to the 
right. Here the /, s-ooupling is broken, and we have to quantise mj and 
m a separately. For 2 P* f £, l = 1, s = i, so that we have mj = 1, 0, — 1 
and m a = I,—), and by their combination we get 6 levels (1, £), (0, £), 
(—1, 1), (1, — i), (0, — I) and (-1,-1). The corresponding (mj + 2m a )- 
values are 2, 1,0,0, —1, —2. The two 0 levels combine in the position 
of the common c.g. of the level system, so that we finally get 5 levels. 
Similarly 2 Sj gives us two magnetic levels (wj + 2m g ) = ± 1, Transi¬ 
tions now occur according to the rule A(mj + 2m 8 ) = 0, ± 1, giving 
respectively one pair of ^-components and two pairs of o-components. If 
the interaction between fa-vectors be very small, the separation between the 
two components of the same pair is very small, and the lines reduce to 
normal Zeeman pattern. 

The position of the central line is given by vDx + ijAvo or 
vD 2 - lAv 0 , where Av ft , denotes the natural separation between D t 
and D;. The two o-components for strong fields are situated 
symmetrically from it at a distance of Avf j0ren t iZ . 
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CHAPTER XI 

THE X-RAY SPECTRA OP ELEMENTS 

225. Introduction. —In Chapter VI, we have given a preli¬ 
minary account of the discovery of characteristic X-rays of elements, 
and of Moseley's measurement of their wavelengths. In this 
chapter, we shall make a detailed study of these spectra, since they 
are indispensable for affording knowledge of the structure of atoms. 
The pioneering work of Moseley on the K-spectrum extended from 
Ca to Zn. After the premature death of Moseley in the Great 
World War, the work was chiefly carried out by Siegbahn in his 
laboratory at the universities of Lund and Cpsala in Sweden. At 
the present time, the data are completely known up to IT 92 ; 
for U, ~ T54 A units. For lighter elements, data are now 
available up to Li. Work at both extremes requires special apparatus. 
The references to these works will be found in table 2, compiled 
chiefly from Lindh's Hnndbnch (I. e.rperi meat a Iphysih\ 24/2 and 
Siegbahn’s Spektroskopic der Roiityeitstrahlen (1931). 

226. Survey of Experimental Data. —In the case of 
elements Ca to Zn, Moseley found that the spectrum consists of two 
close doublets Kax, Kou, and another line on the short wavelength 
side Called by him K,s. When elements of higher atomic weight 
were examined, a larger number of lines were obtained which were 

designated by the symbols K/3 t , K 7 . . etc.Besides these, 

a number of faint lines arc found to appear, on the short wavelength 


_£ 

y L± _ £1 i r 

»/V' 








r 7 

_ 1 / 



-J-? —— 7 \ 


Fig. 1. The structure of l\-spectrum. 

side of the main lines, when long exposures are given. They are 
known as satellites to the main lines. A diagrammatic sketch of the 
chief lines and of their satellites is given in Fig. 1. 

131 
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Moseley's photograph of the K-spectrum, reproduced 
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Fly. 2.—Moseley's photograph of 
K-spcctra of elements. 


Z— 1 (approximately) 

where v=frequency of any 
of the Ka-lines. T h c 
agreement of this empirical 
rule with experimental data is 
shown in table 1 where Vo 
stands for the Rydberg 
constant i?. 


Table 1. Shott ing Z \j v/’{ v for K- series of Elements 

from Ca to Zn. 
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X in A. U. 
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20 

Ca 

a ..3-357 
p... 3-085 

1900 

26 

Fe 

a... 1 *)4 o 
p... 1-765 

2499 

21 

1 Sc 






22 

Ti 

a... 2-766 
p... 2-528 

20-99 

27 

Co 

a... 1-794 
p .1-635 

2606 


i 


: 28 

Ni 

a... 1"664 

27 04 

23 

Va 

a... 2521 
: p...2302 

1 

21-96 

p... 1-504 




i 

29 

! 

I 

Cu 

a... 1*548 i 

2801 

24 

: Cr 

! a ..2-295 
p... 2-088 

| 

| 22-98 

p . 1403 





30 

i 

Zn 

a... 1-446 

2901 

25 

1 Mn 

! 

; a ..2-117 

1 P 1-923 

2399 

P ... 



It has been the practice to represent \/against atomic num¬ 
ber graphically. These curves are known as Moseley Curves for the- 
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spectra must be associated with the electrons very close to the 
nucleus. We shall return to this question later on. 

It was found from the nature of these curves that generally 

yWB = AiZ-s) * 

where A — z/3/2 for Ka, 2^2/3 for Kjs, s is a fraction very nearly 
equal to unity. From this empirical relation, it follows that 

v„ = p] 

It should be remembered that these rules are empirical, and not 
exact as in optical spectra. 

227. Origin of Characteristic Lines— These formulae at 
once suggested the following explanation : The Ka-line is due to 
the quantum jumps of an electron moving in the field of a central 
charge of (Z-s)e units, from an orbit in which n = 2 to one in which 
n » 1. But how is this process rendered possible in an atom ? It 
is'clear that the electron whose jump gives rise to the Kai, a 2 line must 
be an inner electron, so that to work out the idea more precisely we 
must have a working hypothesis of the electron structure of the atom. 
.The experiments of Rutherford on large angle scattering of a-rays 
show that the atom consists of a central positive charge Ze surrounded 
by Z electrons. From the very beginning, it has been assumed that 
these electrons are arranged in different layers or shells, each shell 
containing a definite number of electrons. At first attempts were 
made to find out the number of electrons required to fill up a 
shell from classical dynamical conditions of stability of rings of 
electrons,* but ultimately empirical methods based on physical 
considerations were found to be more suitable. Rydberg found 
that the atomic numbers of the inert gases satisfy the following 
remarkable relation 

2 10 18 36 54 86 

He Ne A Kr Xe Rn 

Z - 2(1 2 + 2 2 + 2 2 + 3 2 + 3 2 + 4 2 ) 

From this observation, it was concluded that a layer consisting 
; of 2, 8, 8,18, 18, 32 electrons forms a stable system* The innermost 

* Vide A.H. Compton. X-rays and Electrona, 30, 
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m 


layer was supposed to consist of 2, the next of 8, the next one of 

18 electrons.The picture of the constitution of inert gases 

according to this view is given on page 369 (Pig. 5). 

The alkali metals are formed when there is one excess electron 
added to the closed layers. 

With this model, let us now consider the motion of an electron 
in the innermost shell of any, say the Argon atom. 

This electron moves in the field due to the central charge which 


is counterbalanced by the forces of repulsion due to the other 
elections. As most of the electrons excepting those which are in 
its own shell are external to it, and are distributed almost symme¬ 
trically in the space about it, the forces of repulsion very nearly 
cancebeach other. The net force may be represented by — (Z— o)e 2 /r* 
where o is known as the screening constant for the innermost 
electron, oe*/r 2 represents the sum total of the repulsive forces due to 
the electrons. If now the total quantum number n of the orbit be taken 
as unity, the energy of the electron, according to the Bohr theory 

= — hR. Next consider an electron in the next level. For 


this electron the screening constant o' is much larger, for the elec¬ 
trons in the first shell all repel it. The screening is augmented 
further by the electrons in its own shell. We can neglect the effect 
of electrons which are in the outer shells. The net effect is that 
the electron may be supposed to revolve under a central force of 
(Z—a')e*/r 2 where a is different from a and is larger. If now the 
total quantum number of the orbit is 2, its energy, according to 

Bohrs theory is-gi-. 

Hence if an electron jumps from the shell (2) to the shell (1), 
the energy radiated will have the frequency 


v ( Z-aY _ (Zz°Jl 
R l 2 j* 


( 1 ) 


If we put c =* o', it reduces to Moseley’s form. But Moseley’s 
form was only a first approximation as is apparent from table 1, 
and must be discarded now for more precise formulations.. Furtner, 
it is also apparent that the above explanation is only partially 
correct, for it does not explain why there are two K-lines, vix., 
Kui and Ko» both being due to the jump of the electron from the 
second to the first shell. But it tells us definitely that for the motion 
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oI electrons in the innermost shell, the total quantum number n must 
be assumed to he i, for the electrons in the next shell, n must have the 
value 2\ and similar considerations of the origin of the Kp -lines show 
that it is due to the jump of an electron from a shell in which n = 3. 

The discovery of this fact enables us to give mathematical 
precision to the hitherto hypothetical shells of electrons. The 
innermost shell, which is composed of electrons for which w«l may 
be called the K-shcll. The next one having n = 2 is known as the 
L-shell, and so on. We can designate the shells having n = 3, 4, 5, 

*... by the successive letters of the alphabet M, N, O, P ... . The 
Ka-lines are due to the transition of the electron from L-+K, the K/9 
from M-+K as illustrated in Fig. 4. 

One difficulty in the above explanation might have suggested 
itself to the reader. As the number of electrons in an atom is 

limited, the number of electrons 
in each shell also must he 
limited , otherwise there can 
be no stability. Hence the 
transition of an electron from 
L to K is possible only when 
the K -level has already lost 
one electron . These views are 
supported by the work on the 
excitation potentials of charac¬ 
teristic X-rays (§231) and on the absorption-spectra of X-rays (§229). 
In the figure above the dotted circle represents the level at infinite dis¬ 
tance. In order that the K-spectra be emitted, an electron must first 
pass from K-level to this dotted level, as shown by the fourth arrow. 

228. The L-Spectrum of Elements.—Moseley found only a 
few lines in the L-spectrum of elements, but Siegbahn who made it 
the special subject of his study in his laboratory found no less than 
13 lines in the spectra of 48 elements from 30 Zn to 92 U. The 
number is found still further to increase when exposures are of 
longer duration. The figures given below show actual photo¬ 
graphs (Fig. 5), and diagrammatic representation of the L-lines of 
certain elements (Fig. 5a). 

The strongest line is the Oi, which is followed by a weak 
satellite a* on the longer wavelength side. 7 ’ is the longest line; 
both / and ' are rather faint and were discovered by Siegbahn. 



Fig. 4. —The origin of characteristic X-ray lints 



Scale d y 1 ? ° X.U 


1423*48 \—+ 


It is needless to dwell on the regularities in the L-spectrum 
at this place, as the discussion will be rendered easier after we have 
considered the absorption X-ray spectra of elements. Moseley who 
got only a few strong lines found that their frequencies could be 
roughly represented by the formula 

j-«-»•[£-£].® 

according to which the wavelength of any line in the same series 
should increase inversely as the square of the atomic number of 
elements. The approximate correctness of this formula is very clearly 
exhibited by the schematic representation in Fig. 6. In this the rela¬ 
tive positions of lines of the elements from 92 U to 11 Na in the K, 
L, M, N series have been shown on the wavelength scale. The lines 
belonging to the same series branch out in a parabolic curve. 

The explanation which is suggested by this formula (2) is quite 
obvious. The L-lines are due to the transition of an electron from 
thie M and N-levels to the L-level. But except for this broad fact, 
no further conclusion can be derived from (2). The multiplicity of 
lines in the L-spectrum shows that both M and N-levels are 
capable of being divided further into sub-levels. 
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A table of wavelengths of the L-series is given at the 
end of this chapter, where the references to the sources are given. 

The M and N-series were discovered in the case of the heaviest 
elements by Siegbahn, and his pupils. They are respectively due to 
transitions (3 +- 4) and (4*~5) of //-values. For details, see Lindh 


or Siegbahn, he. eit. 



rig o —Schematic reprtst ntation of X-ray lines for elements U to Na. 

229. Absorption-Spectra of X-rays.—Though the absorp¬ 
tion of X-rays was extensively studied by Barkla by the ionisation 
method, the study of the absorption spectra of X-rays with the newly 
discovered methods of X-ray spectroscopy was first made by 
Wagner* and De Broglie.f The experiments are quite analogous 
to the corresponding optical experiments. A beam of continuous 
X-rays (or white X-rays) is allowed to pass through a film of the 
substance whose absorption spectra is to be examined and the 
transmitted X-rays are analysed in a spectrometer. The spectro¬ 
meter used is of the Seemann (Wedge) type, so that photograph of a 
wide region can be taken on the same plate at one exposure. 

* Wagner, Am. tL Phys., 46,868,1916. 
f De Broglie, Comp. Rend., 163,87,1916. 
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Discussion of results . The nature of absorption X-ray spectra 
is found to be quite different from what is obtained in the optical 
region. There is no trace of monochromatic absorption corresponding 
to the emission lines Ka h a, or Kp, but an absorption edge appears 
in the position of the limit of the K-series, viz., at the wavelength 
corresponding to v = (Z-o) 2 R/l\ This is illustrated in Fig. 7 
which is reproduced from a photograph taken by Wagner. 

Explanation of the Pfwtograplis.-- The photographs are original nega¬ 
tives. In these experiments, three thin parallel strips of Cd (48), Ag (47) 
and Pd (46) which are three 
successive elements in the 
periodic classification were 
kept before the photographic 
plate at a small distance 
from it, with some space 
between the strips. The 
parts covered by the strips 
are indicated by Cd, Ag, 

Pd written against them. 

We find that there is no 
line absorption but sharp 
discontinuities occur in the 
intensity of the transmitted 
beam at certain points. These 
are known as absorption 
discontinuities or absorption edges. Beginning from Pd, we recognise the 
sharp absorption edge at the bounding lines between black to the right and 
white to the left. The black parts denote that the X-rays corresponding to 
these wavelengths are transmitted copiously, but as we come to the 
discontinuity, absorption suddenly sets in and very little X-rays of 
this and shorter wavelengths are transmitted, so no blackening is 
produced; but after some distance, X-rays again begin to be transmitted 
through the plates. The same feature is repeated with Ag and Cd-plates, 
but now the absorption edge is shifted towards the left (short wavelength 
side). In the parts which are freely transmitted for Pd, discontinuity 
coincident in position with the Ag-edge is noticed. This is due to the 
silver in the photographic plate. As X-rays to the left of the absorption 
edge are more intensely absorbed (by Cd), the blackening is more intense 
on this side. The slight contrast is due to over-exposure. 

230. Explanation of the Absorption Edge.— The absorption 
edge observed in X-rays is quite similar to the absorption edge 
appearing at the limit of the principal series of sodium and other 



Ag 

Ftg. 7.--K-AbsorptIon i‘dgt'4 for Pd. Ag, Cd. 
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alkali elements (vide § 182). We have seen that the absorption 
edge in the optical spectrum of sodium denotes a physical process 
in which the valency electron is split off from the sodium atom 
under the influence of incident quanta, i.e., when light of frequency 
v. falls on the atom and is absorbed, the electron acquires energy 
and is split off from the atom. The process may be symbolically 
written as follows:— 


Na + hv, = Na + + e 

When v > v„, the electron is split off with the kinetic energy 
\ mv*=h(v— v.). The absorption edge thus indicates the beginning 
of photo-ionisation of the atoms due to the ejection of the valeney 
electron under the influence of light of suitable wavelength. 

The absorption edge observed in X-rays is also similarly 
explained. It corresponds to the photoelectric ejection of an electron 
from the K-shell. The process can be written as :— 

Na +hv K = Na + (K) + e 

Na"*" (K) indicates that the ionisation is in the K-shell or one 
K-electron has been ejected by the incident quantum, vk is the 
frequency of the absorption edge. 

The minimum frequency at which this process can occur must 
correspond to the energy with which an electron is bound in the K- 
shell viz., to - E/Rh = (Z — a) 3 /l*. Hence we have 

-gr “ or ,/^JR, = Z-o 

\ 

Why there is no line absorption of X-rays ? Let us now see 
why we do not obtain any line absorption corresponding to the 
characteristic K-emission lines, as in optical spectra. In the 
emission of Ka an electron falls from the L-shell to the K-shell. 
Absorption of Ka would be possible only if an electron from the 
K-shell could pass, as a result of increase of energy due to absorp¬ 
tion, to the L-shell. As experiments have not yet revealed any such 
absorption line, we are led to infer that in the ordinary atom, the 
K-electron is prevented by certain unforeseen circumstances, even 
When its energy is increased by an appropriate amount, to pass to 
the L or any other higher shell. But what cap these circumstances 
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be ? The answer is that each shell has got assigned to it a definite 
quota of electrons } and as the shells are ordinaHly full , they cannot 
receive any further electron . Hence no absorption of any 
characteristic line is possible. The continuous absorption 
beginning at the K-limit shows that the K-electron, as a result of 
absorption of light, passes to infinity where the shells no longer exist. 
Absorption beyond the edge indicates that the K-electron passes 
to infinity with the energy given by Einstein’s photo-electric equation 

1 me 2 h (v - v K ) 

It is further to be noted that each element gives only one 
K-absorption edge. This leads to the conclusion that the K-levels 
are absolutely single. 


231. Mechanism of Emission—Excitation Potential of 
Characteristic X-ray Lines. —The idea that each shell can contain 
a definite number of electrons and cannot accommodate more than 
this number is very fundamental for atomic physics, and clears up 
many other points regarding emission as well. The Ka-line is due 
to the jump of an electron from the L-shell to the K-shell, but this is 
clearly impossible unless the K-shell has already lost one electron . 
If the K-shell retained its full quota of electrons, there would be no 
emission of characteristic K-lines. In other words, if we want to 
obtain the characteristic K-lines in emission, a necessary condition is 
that a K-electron must, be ejected first . That this is actually the 
case was first proved experimentally by Webster, and later verified 
by Wooten,* Jonsonf and others. 


In Webster's! experiment, the experimental tube was of the Coolidge 
pattern, provided with a Rhodium anticathode. The electrons were 
accelerated from a battery of 20160 lead accumulators so that the voltage 
could be varied accurately in small steps. The apparatus used was a 
Bragg-ionisation spectrometer with a Calcspar crystal, and set to the 
Ka-line of Rh. It was found, as the voltage was varied, that this ray was 
not obtained even when the potential was raised to the value corresponding 
to the emission frequency of Ka as given by the Einstein equation 

F»*%r V -Kilovolts .... (3) 

« X in A.U. 


Since RhKa X - 6J2, X. Units, 

* Wooten, Phys. Rev., 13. 71, 1919 
f Jdnson, Zs. f. Phys., 43, 845, l92o. 
t Webster, Phys. Rev., 9, 220, 1917, 

V. 5t 


F— 21 kilovolts nearly. 
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The intensity obtained at lower potentials was wholly due to the 
contiguous radiation. If the voltage be now gradually raised over this 



Fig. 8,—Excitation of K-radiation (Rh). 


value, then the intensity of the 
line rises linearly with the voltage, 
as shown in Fig. 8. 

But when a value of 23 3 Kvs 
is reached, the curve is suddenly 
found to jump upwards, as shown 
in Fig. 8. The cause of this 
sudden increase is the emission of 
the characteristic line in addition to 
the general radiation of the same 
wavelength already present there. 



We can now plot the intensity of the characteristic Kaia 2 
doublet against the impressed voltage. This is shown in Fig. 9. 

For this purpose, the voltage 
is taken as abscissa, and the differ¬ 
ence between the ordinate values of 
the curved part (the actual curve) 
and the straight part (obtained by 
prolonging the earlier part of the 
curve indicated by dots in Fig. 8.) 
as ordinate. This represents the 
actual intensity of the characteristic 
line . Curve Ai obtained in this 
way gives us the intensity of 
Kai, a 2 . Curve A 2 shows the 
variation of intensity of the K/s-line 
obtained by the same procedure. It is seen that the two curves meet 
the abscissa at a point which is about 23*3 kY and this corresponds, 
as application of equ. (3) shows, to the wavelength X = ’533A.U. 
which is the absorption edge of the K-spectrum of rhodium. From 
this experiment the following conclusions can be drawn :— 

(1) The Korols and K/3 lines in the K-spectrum are emitted at 
one and the same characteristic voltage. 

(2) The value of this voltage corresponds to the absorption edge 

of the K-spectrum. 

These experiments therefore prove that an electron must be 
removed from the K-shell, before the Ka-line or any other 
characteristic line can be emitted. When this is done, all the lines 
of the K-spectrum appear simultaneously. 


Applied potential in Kv.— 

Fig. ©.-Intensity variation of Ka, Kj3 lines 
with excitation voltage. (Curve 
A l= =Ka t A a =K0), 
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232* The L-absorption Spectrum*—When the X-ray absorp¬ 
tion spectrum of an element is taken in its L-region, it is found as 
in the K-spec- • k.» L* edges 

that there p: z. 

is no absorption 
to 

the L-eniission Tl " V |Jg 

now 

three absorption 

ed^es, are found. f { 

The, are deao- JSu 

ted by Ll, L 2 , Fig. 10.~L-absorption edges of Tl. 

L 3 in the order of their v-values. Their positions with respect 
to the L-lines are shown in the following diagram (Fig. 11) and an 
actual photograph* due* to Sandstrom of the L-absorption edges of 
Tl is reproduced in Fig. 10. 

It is found that the absorption edges Vi, v 2 , v } of the elements 
can be represented by formula} of the type :— 

JvjR = Z— ol , / 2 , s/vJr = Z-a L j2, Z-a u J 2 


Here a. , a. , o, are known as the screening constants for 
L, L v 1.3 

the Li, L 2 , L 3 sublevels. 

These L-absorption edges can be interpreted in the same way as 
, Absorption * Spectrum the K-edge. They 

_ i n ^ cat o the photo- 

| ! ; of'the electron from 

1 ! • ■ the Lrshell, for 

i which/a=2. But the 

■§. I r 0 ^ experiment shows 

J 1 • ; that when 77=2, the 

? .1 j : ejection can take 

^ x _» j j _ i Emission Spectrum pl ace in 3 different 

— : ; | | ways, or another 

vTVM k WA ? alternative view is 

Fig. Jl.— Schematic representation of L-absorption edge* and L-llnea. that the L-shell is 

capable of further subdivision into three sublevels as shown in Fig. 11. 
* Sandstrom, Zs. f. Phys.> 85, 632,1930. 
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Similarly, the M-absorption spectrum has been also studied 

— • ' ■ for U and found.to consist of five different edges 

which were at first denoted by Mi, M 2 , M 3 , M 4 , M B 
in the decreasing order of their v-values. Fig. 12 
shows a photograph of M-absorption edge for U 
reproduced from that due to Coster.* 

4 Tables of L and M-absorption edges, in wavelength 

m- absorption edge and frequency units are given in the appendix. 

233* Absorption Levels and Origin of Lines. —The insuffi¬ 
ciency of Moseley’s explanation of the origin of characteristic X-ray 
lines was first pointed out by Kossel,* who concluded from Moseley’s 
measurements, that though the frequencies of lines should be regard¬ 
ed as difference between term values, as Rydberg had shown for 
optical lines, these term values are not always represented by 
equations of the Moseley type. He observed that the frequency of 
the Kj 8 line can be expressed as the sum of the frequencies of Ka 
and La-lines, that is 

v ~ v 4- v 

K/3 V K« ^ V La 

exactly, and from this fact, he concluded that generally 

v k* « v K - v L , v k/3 = v K - v M , v K> ~ v K - v N , etc- 

where h v K denotes the energy required to remove an electron from 
the K-shell to infinity, and v L , v M have similar meaning. 

After the discovery of the absorption edges, the values of 
v K ’s and v L ’s could be obtained directly from experiments. 

It was found that the v’s of K«, and Ka a were respectively equal 
to v K — and v K — v f ^. There is no line having the frequency 

v k ~ v l,. These facts are represented in the following diagram 
(Fig. 13). 

Similarly, Kp which for heavy elements — T _ ^ 

was found to be a close doublet arises from j 

transition from M* and M* to K. No lines : 

corresponding to transition from (Mi, M 4 , M B ) | 

^ K were found. K/ 3 , was found single on ♦ ^ 

account erf the small difference in the value of " =rrr {^ 

M, and M,, but . when greater resolving power m, ».-Th* forbidden 

is used it is found to be double. ac-i M >tr«MWo«. 

— 

* Coster, P%s. Rev., 10, 20, 1922. 
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ORtGIN OF X-RAY LINES 



Origin of the L-spedrum. Some of the stronger L-lines are 
certainly dne to transitions from the M-levels to the L-levels. If all 
transitions were available, there would be altogether 15 lines, while 
only 7 lines were found. The origin of the 7 lines according to the 
energy level diagrams is shown below (Fig. 14). 


234. Explanation of the Origin of X-ray Lines.— The fact 
that there are no lines corresponding to L t -»-K 1 , etc.shows that 
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Fig. 14. - Chart showing (he origin of K, L, M, X, X-ray lines. 


there is some selection principle which limits the possible transitions. 
The fall explanation is due to Pauli. He showed that the transitions 

















446 


X-RAY-SPECTRA OF ELEMENTS |XT 

are fully explained if it be supposed that to the sub-levels we ascribe 

the same quantum characteristics as to the optical levels of alkali 

elements - (/;«/« p. 379). This is illustrated in columns 2, 3 and 4 to 
the right of Fig. 14. 

Thus X is denoted by Is. This means that for r/=l, k=l, 

This is also otherwise evident, for if n~l, k must be 1 according to 
Sommorfeld's theory. 

Li is denoted by 2.v. This explains why there are no lines 
corresponding to Li^Kj. This is forbidden by the selection 
principle that A k must be equal to ±1. L 2 and L3 are represented 
by 2pi and 2p 2 » 4—22 respectively for L 2 and L 3 . 

In a similar way, Mi may be denoted by 3s, M 2 and M3 by 
3pi, 3p 2 ; M 4 , Mb by 3d 2 , 3d 3 . The L-group of lines can thus be 
divided into three multiplets as shown. Here we have to add the 
additional rule that A j = ±1, or 0 ; A j = ±2, +3 ..., etc., are 
forbidden. 

The analogy with the levels of the alkali elements is therefore 
complete, and can be extended to M and N-levels wherever these are 
complete. The full scheme of X-ray lines (diagrammatic) with their 
present commonly accepted notation of terms for Tungsten is shown 
in the above diagram (Fig. 14). The corresponding key diagram 
for notations is represented in Fig. 15. It is customary to denote 
the various lines belonging to a particular series by the Greek letters, 
ai, a 2 , ..., Pi, p 2 .. ., Yi* Y*> •»• > q> I • • • where the subscripts of 
increasing values denote gradually weaker components. 

235. Survey of the Term-values. The Regular and 
Irregular Doublet Laws. —We have referred in §226 to the 
preliminary work of Moseley who showed that //v/JB for the 
characteristic lines is a function of the atomic number Z. This has 
been illustrated in Fig. 8. Since the frequency of a line is the 
difference between energy-values in two states of the atom, the 
term-values are important for all problems of atomic physics and 
it is necessary to take a survey of them. These term-values can 
in most cases be obtained from the values of the absorption edges, 
but it has been found that in many cases the absorption edges have 
complex structure (fine structure, see infra). Hence it has now 
become customary to calculate the values of the edges from the 
wavelength of the characteristic lines with the aid of the principle 
pf combination, but the value of one or two absorption edges at 
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Fl|r 4 15. -The key diagram of notations of X-ray lines. 


Each pair of linos wising from transitions between the same initial 
level, and two different final levels having the same n, but different,;, or 
vice versa are known as the relativity doublet . The pairs of such lines are 
enclosed in separate rectangles. Those in clotted rectangles arc due to 
forbidden transitions. 
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least must be accurately known. Generally the K-absorption edge 
is taken, but in the case of heavy elements, the Lg-edge is also 
taken as the starting point. 

We illustrate the calculation by taking the case of U. Here start 
was made with the value of the u -level, which was obtained from 
measurement of the absorption edge. We thus have L 3 « 1264*2. Again 
v Ka , ** K-L 3 and v Ktta «K—L|. Hence L 2 -L 3 * v KO -v Ka ^ «278.*5 

from the known frequency interval between the Ka,, Ka* lines. Therefore 
L 2 ** 1264*2 +278*5 ■» 1542*7. Further L| is experimentally determined 
from the absorption limit as 1602*6. The three L-levels Lj, L 2 , L 3 are 
thus determined. Now taking these values and with the aid of different 
L-lines which arise due to M-*L transitions, we can calculate the term- 
values for various M-levels. The successive steps are shown below:— 

L 3 =» 1264 2 ... absorption limit experi¬ 

mentally determined. 

U L 3 « 278*5... Av - v Kttf ~ v Kaa , expe¬ 

rimentally determined. 

L 2 = 1264*2 + 278*5 =» 1542*7. . . can be determined ex¬ 

perimentally as well. 

Li = 1602*6. .. absorption limit experi¬ 

mentally determined. 

Mi *= L 2 — T] ® 1542*7 —1184*2 — 408*5 ... ... exp. determined. 

« L 3 - / ~ 1264*2 - 855*7 - 408*5 ... v* ... „ 

M 2 * Li ~p 4 = 1602*6 - 12208 - 381*8 ... ... „ 

M 3 =L, - P 3 •= 1602*6 - 1285*7 - 316*9 ... v fc . 

M 4 - L 2 — p, =1542*7 - 1268*3 - 274*4 ... V/ J ... „ 

- L 3 - a 2 = 1264*2 - 989*9 - 274*3 ... v a ... „ 

M 5 - L 3 - a, —1264*2 - 1002*8 - 261*4,... v aj ... „ 

The values can further be checked by testing them with other 
combinations. 

The values of N-levels can be obtained by taking either the M-values 
as starting points, and utilizing the frequencies of M-lines, or taking the 
L-lovels, and utilizing the frequencies of L«-N lines. Similarly we can 
also calculate the values of the O-levels. Some of these calculations are 
illustrated below 

Nj «* L 2 —Vs " 1542*7 — 1436*8 ** 105*9 .. - y yb ... exp. determined 

- Ls-Pe . 1264*2-1158*2 - 106*0... ... „ 

- Li~Y 2 « 1602*6-15091 - 93*5... v 7t ... „ „ 
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Li-Ys - 1602-6-15262 - 

76-4,. 

• v 7 , • 

.. exp. determined 

L 2 —Yi - 1542-7-1485-2 - 

57 5.. 

,v Vl 

• • »> 

» 

L 3 -P 2 - 1264-2-12101 - 

54-1.. 

• v /3. 

• • » 


L 2 -Yb = 15427-1519-5 - 

23-2.. 

.v v . 


»» 

L,-y« - 1602-6-15887 = 

13-9.. 

• V >4 

. •. „ 

it 


12 ( 1 , 1 ) 
2 ( 2 , 1 ) 
L 3 2(2.2) 


n 4 
n 6 
o, 

0 3 

A comprehensive list of the term-values for K, Li, L 2 , L* and Mi 
M 2 , M«, M 4 , Ms-levels of elements from 92U to 4Be have been collec¬ 
ted in table 2, where the sources are mentioned. Incase of lighter 
elements only a few data are available, as in their case absorption 
edges and emission lines have not been generally determined except 
for a few, as they occur in very soft region. Recently some 
works have 
been done on 
light elements 
by T h i b a u d, 

Soderman, 

M. Siegbahn, 

Magnusson, 

Holweck and 
others. Some of 
their data have 
been included 
in table 2. 

The first 
survey of term- 
values was 
made by Bohr 
and Coster* in 
1923, who re¬ 
presented them 
in the form of 
curves with Z 
as abscissae, 
and ^v/R as 
ordinate. The 
curves (Fig. 16) 
reproduced here 



6* 0^ 


35;; 45 •' 68; 65 
4* 5j (^5»4 4 

Fig. 16. Tbe Bohr-Corter diagram. 

have been adopted from the original Bohr-coster diagram. 


Mi 30.1) 
M 2 3(24) 

, 3 ( 2 . 2 ) 
M, 3(3,2) 
M, 3(3,3 


N, 4(14) 
N, 4(24) 
N, 4(22) 
N, 4(3,2) 
N, 4(3,3) 
l»N. 4(443} 
N 7 4(4.4) 
Pi 6(14) 
p, 5(2.1) 
\ 6 ( 2 , 2 ) 
>,5(3,2) 
>, 5(3,3) 


* N, Bohr and D. Coster, Zs. f. Phys., 12,342, 1923, 
F, 57 
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Table 2 .— Level values of Elements. 
[a-v/R, &-Vv7F) 


•Sjs 

1 




1 




1 

1 

o g 

Element 

K 

L, 

L 

2 


92 

u 

l 

8474 

92'05 

1602 G 

4003 

15427 

•7.7 

39*28 

1264-2 

35*56 

90 

Th 

a 

b 

8087 

8993 

1506-f 

38-81 

1449‘i 
• 74 

38*07 

1199*0 

3463 

83 

Bi 

a 

b 

6(569 

81-66 

1207 0 

3474 

1157-1 

■72 

34*02 

988*3 

31*44 

82 

Pb 

a 

b 

6478 

8049 

1168H 

34-18 

1119-6 

*71> 

<3*46 

960*0 

30*98 

81 

T1 

a 

b 

6299 

79*37 

11302 

33-62 

1082-4 
• 72 

32*90 

932D 

30-53 

80 

Hg 

a 

b 

6119 

78-22 

1092*4 

33 05 

1046*4 
• 70 

32*35 

904-5 

3007 

79 

Au 

a 

b 

5942 

77-08 

1057'1 

32-51 

1011-4 
• 71 

31-80 

897*7 

29-63 

78 

pt 

a 

b 

5771 

75-97 

1021*3 

3196 

9767 

•72 

31-25 

8509 

29-17 

77 

Ir 

a 

b 

5606 

74-87 

987-9 

31-43 

944-2 
* 70 

3073 

825-6 

2873 

74 

W 

a 

b 

5120 

71-55 

890-8 

29-85 

849-9 
•70 

29-15 

751-3 

27-41 

73 

Ta 

a 

b 

4969 

7049 

860-7 

29-34 

00 

2865 

728-0 

26-98 

72 

Hf 

a 

b 

4815 

69-39 

831-1 

28-83 

791-8 

•69 

28-14 

7047 

26-55 

71 

Cp 

a 

b 

4664 

68-34 

8009 

28-30 

762-5 

■69 

27-61 

6812 

2610 

70 

Ad 

a 

b 

4516 

67-20 

772-9 

2780 

735-5 

■68 

2712 

659-2 

25-67 

68 

Er 

a 

b 

4283 

6506 

718-5 

2680 

682-8 

■67 

26*13 

.615-9 

24-82 

67 

Ho 

a 

b 

4096 

i 

84*00 

692-0 

26-31 

656*9 

■68 

25-63 1 

6947 

24-39 



$ 235 ] REGULAR ANL IRREGULAR DOUBLET LAWS 451 


Table 2.—Level values of Elements —( continued ). 
[ a => \/R, 6 = JtfR) 


M, 

Mj 


M 

3 

m 4 

M, 

5 

408-5 

20-21 

381*5 
*68 

19*53 

3168 

17-80 

274*2 

Y 24 

16-56 

261-2 

16-16 

3803 

19-50 

354-3 

■68 

18-82 

296-5 

17-22 

255*5 

Y 24 

15-98 

243-8 

15-61 

294-6 

17'16i 

272 2 
•66 

1650 

234*0 

15-30 

1980 

1-23 

1407 

1899 

13*74 

2837 

1684 

2621 

•65 

16*19 

225-9 

15*03 

190-3 

1-24 

13*79 

182*8 

13*52 

272-6 

16*51 

2514 

■65 

15*86 

217-4 

14-74 

182-7 

1-22 

13-52 

175-6 

13-25 

261-9* 

16-22 

239-11* 

•60 

15*53 

20807* 

14-45 

*175-64 

1-18 

13-27 

*168*79 

13-00 

252-2 

: 

15-88 

231-8 

■66 

15*22 

201-9 

14-21 

168*6 

123 

12*98 

162'2 

12-74 

242-0 

15-56 

221-9 

•66 

14-90 

1939 

; 

13-92 

161-2 

122 

12-70 

155-3 

12-46 

233-2 

15-27 

213-7 

'66 

1462 

187-4 

13-69 

1553 

1-23 

1246 

149-8 

12-24 

207-3 

14-40 

1893 

■64 

1376 

167-5 

12 94 

1375 

1-21 

11-73 

1329 

11-53 

199-8 

1414 

182 1 
•65 

13-49 

1620 

1273 

132-4 

1-22 

11-51 

1281 

11-32 

1921 

13-86 

175-2 

■62 

1324 

155-8 

12-48 

1270 

1-21 

11-27 

122-9 

11-09 

183-6 

13-55 

1668 

•63 

12-92 

149-4 

12-22 

121-0 

1-22 

11-00 

117*4 

I 

1084 

176-9 

13-30 

160-6 

6-3 

12-67 

144-2 

12-01 

116-5 

1-22 

10-79 

112-9 

10-63 

163-6 

12*79 

147-7 

64 

1215 

133-6 

11-56 

167-3 

1-20 

1036 

1041 

10-20 

166-9 

12‘63 

141-6 

•63 

11-90 

128-1 

11-32 

102-6 

W 

10-13 

99-7 

9-98 


* Calculated from L-absorption edge and L-emiasion lines. 
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Table 2.—Level values of Elements — (continued). 
[ a — v/R, 6= Vy/R J 


Atomic 

Number. 

Element. 

K 

L, 

l 2 

I 


66 

Dy 

a 

b 

3961 

02-94 

6668 

25*82 

632-5 

'67 

25-15 

574-2 

2396 

65 

Tb 

a 

b 

3830 

61-89 

6418 

25*33 

6083 

■67 

24-66 

553*9 

23*53 

64 

Gd 

a 

b 

3700 

60-83 

617-5 

24-84 

585-0 

■65 

2419 

534-1 

23-11 

63 

Ku 

a 

b 

3576 

5977 

5936 

24'36 

561-6 

■66 

1370 

514-4 

22*68 

62 

8 m 

a 

b 

3451 

58-75 

570-3 

23-88 

538-9 

■67 

23-21 

1950 

22-25 

60 

N<i 

a 

b 

3209 

56-65 

525-5 

22-92 

495 6 
■66 

22-26 

4578 

2140 

59 

Pr 

a 

b 

3093 

5561 

5036 

22-44 

474-8 

■65 

21-79 

439-6 

2098 

58 

Oe 

a 

b 

2978 

54-57 

482-9 

21-98 

454-4 

■66 

21*32 

42P9 

20-54 

57 

La 

a 

b 

2867-0 

5354 

4614 

21-48 

4347 

■63 

2085 

404-4 

2011 

56 

Ba 

a 

b 

27572 

52-51 

4416 

21-01 

4146 
*65 

2036 

3867 

19-66 

55 

Cs 

a 

b 

26498 

51-48 

420-3 

2050 

394-8 i 
'63 

\ 

19-87 

3693 

19-22 

53 

I 

a 

b 

2442-8 

49-42 

382-1 

i 

19*55 

357-6 

■64 

18*91 

335-8 

18-32 

52 

Tc 

a 

b 

2343-6 

: 

4841 

364-8 

i 

1910 

340-4 

‘65 

18-45 

320-2 

17-89 

51 

8 b 

a 

b 

2246'4 

47-41 

346-8 

1862 

323-4 

■64 

17*98 

304-7 

17-45 

50 

Sn 

a 

b 

2149-5 

46-36 

327-4 

1809 

304-9 

■63 

17*46 

288*1 

16-97 

49 

In 

a 

b 

2057-2 

45*36 

311-3 

17-64 

289-4 

si- 

'S; : ' ' ■ 

17-01 

374-9 

16-58 
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Table 2.—Level values of Elements —( continued !). 
[> - V/R, br. >JffR 1 


M, 

m* 

M 

3 

m 4 

M 

> 

150*0 

12-25 

136*0 
* 59 

11-66 

1237 

11*12 

98-6 

119 

9*93 

95*8 

9-79 

145-1 

12*05 

130*2 
*64 

11*41 

118*8 

1 

10*90 

94*2 

rw 

9 71 

91*7 

9*58 

1391 

1179 

1247 

■fi2 

11*17 

114*2 

10-69 

90-3 

1-19 

9-50 

87-7 

9*36 

133*2 

11*54 

1195 

•61 

1093 

1096 

10-47 

861 

2 * 7.9 

928 

83-8 

915 

127*2 

11-28 

113'8 
*61 

1067 

104-9 

1024 

81-8 

120 

9*04 

79-8 

893 

1166 

1080 

1041 
• 60 

1020 

96*1 

9-80 

742 

V2.9 

8-61 

725 

8*51 

111-5 

10-56 

986 

■63 

993 

917 

9-58 

704 

77.9 

839 

68*8 

829 

1060 

1030 

942 
* 59 

9 71 

877 

9-36 

66*7 

119 

8-17 

65*4 

8-09 

toi-o 

1005 

88-5 

•64 

9 41 

82-5 

9-08 

631 

114 

7-94 

61*8 

7-86 

95 5 

9-77 

84-2 

• 5,9 

918 

787 

8-87 

O' 
00 
Co ZD 

<w> 

767 

57*7 

7-60 

895 

9-46 

77-8 

•64 

8-82 

729 

8-54 

54-6 

1T5 

739 

53*6 1 

7-32 

79-1 

8-89 

68-5 

61 

8-28 

64-4 

802 

467 

119 

683 

45*7 

676 

746 

8-64 

650 

•58 

8-06 

612 

7-82 

43-5 

1-22 

660 

42*5 

652 

700 

8-37 

60-6 

'59 

778 

671 

7-47 

40-0 

115 

6-32 

39*2 

6-26 

63-9 

709 

54-4 

•61 

7-38 

51-2 

716 

351 

1-24 

5-92 

34*4 

5-87 

60-6 

778 

509 

•65 

7-13 

48-1 

6-94 

32-9 

1-20 

5-74 

32*8 

6-73 
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Table 2.—Level values of Elements—(continued) 
[ a-v/E, 


.2 8 



1 


1 




1 


Atom 

Numl 

Element 


K 

I 

L, 

T. 

'2 


^3 

48 

Cd 

a 

b 

19671 

) 

44*36 

2960 

17*20 

274-8 

•62 

16.58 

260-8 

16*15 

47 

Ag 

a 

b 

18801 

43-67 

282-0 

1679 

2613 

■63 

1616 

248*6 

15*77 

46 

Pd 

a 

b 

17941 

4236 

266-2 

16*32 

245*9 

*6*4 

15-68 

234*3 

15-31 

45 

Rh 

a 

b 

17096 

4135 

250-7 

15*83 

231-2 

■62 

15*21 

220-6 

14-85 

44 

Ru 

a 

b 

1629*1 

40*36 

2377 

15*42 

218-6 

■63 

1479 

2091 

14-46 

42 

Mo 

a 

b 

1473-4 

38*38 

2113 

14-51 

1937 

■62 

13-92 

186-0 

13-64 

41 

Nb 

a 

b 

1398-5 

37-40 

198 9 

14*10 

1817 

■62 

13-48 

174-7 

13-22 

40 

Zr 

a 

b 

1325-7 

36.41 

186 6 

13-66 

1700 

•62 

1301 

163-8 

12-80 

39 

Y 

i 

1256 1 

35-44 

175-8 

13-26 

159-9 

•61 

1265 

154-4 

1243 

38 

Sr 

a 

b 

1186"0| 

34-44 

162-9 

12-76 

147-6 
' '61 

1215 

1427 

11-95 

37 

Rb 

a 

b 

1119-4 

33-46 

1520 

12-33 

137-2 

62 

1171 

1328 

11-52 

35 

Br 

a 

b 

9926 

31-51 



1178 

10-85 

1143 

1069 

34 

So 

a 

b 

932D 

30-53 



108-4 

10-41 

105-4 

10-27 

33 

As 

a 1 
b 

874-0 

29-56 

112-6 

10-61 

1000 

•61 

1090 

97-4 

9-87 

32 

Ge 

a 

817-6 

2859 



91-6 

9-57 

89-3 

9-45 
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Table 2.—Level values of Elements — (continued), 
[a - v/ff, b - 


M, 

M* 

m 3 

m 4 

M 

5 

57-1 

7-56 

480 

•63 

693 

454 

6-74 

30-5 

1-22 

5-52 

300 

5-48 

547 

7*10 

44-57 

•72 

6-68 

42“21 

6*52 

2773 

1-25 

5-27 

27-17 

5*22 

490 

. 

706 

41-9 

•59 

6*47 

398 

6*31 

25-6 

5*46 

25-2 

5-02 

456 

6-76 

37*8 

*67 

6-15 

WO 

6-00 

224 

1'27 

473 

22*0 

469 

130 

6-56 

357 

•5.9 

5-97 

34* t 

5-84 

210 

126 

4-58 

207 

4*55 

37-5 

6-12 

30*5 
*60 

5*52 

292 

5*40 

17*3 

1-24 

416 

17-1 

414 

347 

5-89 

281 

■59 

530 

269 

5-19 

15-4 

1-27 

392 

152 

3-92 

318 

564 

25-4 

•60 

5-04 

24-4 

4-94 

13-5 

1-27 

3-67 

133 

365 

30-3 

6-50 

24-2 

•58 

4-92 

23-3 

4-83 

1-22 

130 

361 

26-2 

512 

204 

•60 

4'52 

19-6 

4-43 

122 

97 

3-U 

24*11* 

4-92* 

18-46 

■62 

4-30 

17-80* 

4-23 

88 

291 

83 

2-88 

19*48 

4-41 

13-60* 

369 

1321* 

3-64 

5-27 

23 

5-13* 

2-26 

167 

409 

■68 

11-6 

3 41 


33 

1-97 

14*9 

3-86 

■66 

10'3 

3-20 


30 

173 

m 

359 

■61 

8-8 

297 


1-8 

1-34 


Values due to Ingelstam and Ray, Zs. f. Pkys., 88 , 218,1934. 
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Table 2.—Level values of Elements —(i continued !). 

[a -v/i?, b=jvfR] 


Atomic 

Number 

Element 

K 

L, 

i 

J 2 

L, 

31 

Ga 

a 

b 

7651 

I 

2767 



860 

9-27 

84-1 

917 

30 

Zn 

a 

b 

7111 

26-68 

88-4 

9-40 

77-1 

•62 

878 

75-4 

8-68 

29 

Cu 

a 

b 

661 e 

2572 

81*0 

900 

70*3 

'62 

8-38 

689 

8-30 

28 

Ni 

a 

b 

614*1 

24-78 

74*8 

8*65 

646 

*67 

8*04 

63-2 

795 

27 

Co 

a 

b 

568-1 

23*83 



58-8 

766 

57-7 

7-60 

26 

Fe 

a 

b 

5239 

22-89 

62*5 

7*91 

53*2 
* 62 

7*29 

52-2 

7-22 

25 

Mn 

a 

b 

481-9 

21-95 



48-3 

695 

47-4 

6-88 

24 

Cr 

a 

b 

441*1 

2100 


... 

43*0 

656 

42-3 

6-50 

23 

Va 

a 

b 

402-7 

201)7 


... 

38*5 

6-20 

37-9 

616 

22 

Ti 

a 

b 

365-8 

1913 

... 

... 

34*0 

5-83 

336 

5-80 

21 

Sc 

a 

b 

331-2 

18-20 



30*3 

5-50 

300 

5-48 

20 

Ca 

a 

b 

297-4 

1725 



25*8 

5-08 

25-5 

565 

19 

K 

a 

b 

265-6 

16-30 



21*7 

4-66 1 

21-5 

4-64 

18 

A 

a 

h 

235-7 

15-85 

... 

.. 

... 

18-21 

4266 

17 

Cl 

a 

b 

207-9 








14-42 


... 

14*9 

3'86 

148 

386 

16 

. 

S 

a 

b 

181-9 

13-49 

... 

... 

12*72t 

3566 

12-63 

3-656 
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Table 2.—Level values of Elements — (continued). 
| a => v/R. 



F. 58 
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Table 2. — Level-values of Elements —( continued). 
[a^v/R, 6-Vv77F] 


Atomic . 
Number 

Element 

K 

Li 

L 

2 

L 

3 

15 

p 

a 

b 

157-8 

12-56 

... 



9-4 

3-07 

14 

Si 

a 

b 

135-4 

1164 

... 


... 


7-2611 

2-695 

IB 

A1 

a 

b 

114-8 

10-71 



5-3641 

2316 

5-3461 

2-312 

12 

Mg 

a 

b 

96-0 

9-80 

... 



. . . 

3-642 

1-91 

11 

Na 

a 

b 

7667+ 

8-75 

... 



... 


... 

9 

F 

a 

b 

50-5* 

7-1 

... 




... 


8 

0 

a 

b 

39-0* 

6-245 

... 


... 


... 


7 I 

N 

a 

b 

293* 

5-41 

... 




... 


6 

C 

a 

b 

20 '6* 

4-54 

... 


... 


... 


5 

B 

a 

b 

14-2* 

3-77 

... 


... 


... 


4 

Be 

a 

b 

11-27 

336 


... 

... 

... 

... 

... 


Sources: 

( 1 ) Siegbahn, Spektroskopie der Rontgcnstrahlen (1931). 

( 2 ) Lindh, II. d. Exp. physik, 24, (1928). 

method ®^ erman ’ ^il. Mag., 10 , 600, 1930: Data for sodium by grating 

*(4) Holweck, (Siegbahn, he. tit., p. 429); Data for F, O, N, C, B by 
absorption method. ’ ' 

t(5) Siegbahn and Magnusson Zs f. Phys., 87, 291. 1934: Data for 
grating* ^'^ eves A. 1 , Mg—by tbe method of curved 

( 6 ) Ingelstan and Hay, ho. tit .: Data for Rb, Br ^f-leyels, 
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Table 2. — Level-values of Elements — {continued). 
[ a ■* v/R, b=^if] 


M, 


05 

0-5 

04 

05 


071 

071 

0'63 

0-71 


On account of recent works the lower parts of the curves have been 
considerably modified. For these see Fig. 31, §241. 

A glance at these curves shows that each of them can be 
divided into two sections—one part in which the course of the curve 
is regular, a second part in which it begins to be irregular. 
Confining ourselves to the regular part, we find 


or 


•Jv/R — aZ + h nearly 


v/R 


(Z - a) 2 
n 2 


where n is the total quantum number, a — the screening constant 
which is a function of «, / and j. 

The Irregular Doublet Late. —We further observe that the 
Li-and L 2 -curves are nearly parallel, whereas the L*, L 3 -curves 
more and more diverge from each other with increasing values 
of Z. G. Hertz* first showed that 

yVj^ / R ~ y/v hf IH — '63 (nearly constant) 

The approximate correctness of this law is illustrated in 
table 2, column 8, under L* ip italics. The value of the difference 
varies from '75 in U to ‘62 in Fe. 


*G. Hertz, Zs. f. Phys., Z, 19,1920. 
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Similarly, if we take the curves for / /7-values, for Mi and 

M a , M» and Mi, N t and N,.N* and Nj.they are 

found to run more or less parallel. We have in fact 


iJVjR - ‘88 for U to ’59 for Co 

l’ 24 for U to 1*22 for Sr 

yV N ’/tf ““ 63 for U 10 64 for Cs 

as can be verified from the table 2. 

These empirical relations are known as the Irregular Doublet 
Law. 

The Regular Doublet Law .—The early investigators on X-ray 
spectroscopy observed that a characteristic frequency difference 
exists between certain pairs of lines in the X-ray spectra. This is 
now known to arise from the difference and it occurs 

between lines which can be easily found from an inspection of chart 
14 on p. 445, As illustration we take the difference in frequency 
as experimentally determined of the following characteristic lines 
of W. 


L-lines : 

rj 642*60 

pi 712 39 

Ys 806-57 

Y'i 

849*98 


/ 544-05 

a 2 613'90 

P« 708 06 

P». 

75132 


9855 

98*49 

98*51 


98*66 

K-liues : 

a t 4368*2 

L-absorption limits: 

Lj 

850*28 


a 2 4269-3 




75130 


98"9 




98*98 


We have already explained that the characteristic difference 
ho -Ls increases very rapidly with atomic number, as is clear from 
an inspection of the curves in Fig. 16 and from .comparison of the 
figures on columns 8 and 10 of the table 2. These differences are 
however independently shown in table 3. They are taken from 
Siegbahn’s Spektroskopie der Rontgenstrahlen (1931). 

Sommerfeld* deduced from certain theoretical deductions 
(which have however undergone considerable changes) that 

where a = the Sommerfeld fine structure constant, and d was found 
to have very nearly the value 3*5. The validity of this law can be 

* A. Sommerfeld, Atombau und Spektrallimen (1934), Chap. 6, §4. 
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Table 3 .— Values of d for L 2 , L%-levels. 


z 

A vjR 

Z~d 

d 

Z 

AvJIi 

Z-d 

d 

41 Nb 

689 

37-50 

3’50 

63 Eu 

47-19 

59-48 

3-52 

43 Mo 

7'70 

38*53 

3-47 

64 Gd 

5066 

60 48 

3-52 

44 Ru 

9'49 

40-54 

3*46 

65 Tb 

54-38 

6149 

3-61 

45 Rh 

10‘48 

41-53 

3-47 

66 Dy 

5830 

62 49 

3*51 

46 Pd 

1156 

42-52 

3-48 

67 Ho 

62-46 

63-50 

3-50 

47 Ag 

12-69 

48-59 

3*51 

68 Er 

66 85 

64*50 

3-50 

48 Cd 

1397 

44-52 

3*48 

70 Yb 

76-1 

665 

3-50 

49 In 

15-29 

45-50 

3’50 

71 Cp 

82-5 

67-6 

3-30 

60 Sn 

16-73 

4650 

3-50 

73 Ta 

92-70 

6952 

3-48 

51 Sb 

1829 

47-50 

3-50 

74 W 

98-54 

70-49 

3-61 

52 Te 

19-94 

48-50 

350 

76 Os 

111-08 

72-51 

3-49 

53 I 

21-71 

49-49 

3-54 

77 Ir 

118-64 

73-50 

3-50 

55 Cs 

25-60 

51-48 

3-52 

78 Pt 

125-92 

74-49 

3-51 

56 Ba 

37-70 

52-46 

3-54 

79 Au 

133-80 

75-51 

3-49 

57 La 

3001 

53-46 

3-54 

81 T1 

15049 

77-50 

3-50 

58 Ce 

32-38 

5444 

3-56 

82 Pb 

16002 

78-56 

3-44 

59 Pr 

3503 

55-46 

3 54 

83 Bi 

16973 

79-58 

3-42 

60 Nd 

37-86 

56-59 

3"51 

90 Th 

250-86 

86-57 

3-43 

62 Sm 

4395 

58-50 

3-50 

92 U 

27871 

88-51 

349 


Mean d = 3'492. 


seen from columns 4 and 8 of table 3. The doublet levels L 2 , L* 
were formerly known as Relativity Doublets . But now they are 
called Spin Doublets , because the two levels have got the same k , 
viz. 2, but differ in their ./-values which are 2 and | respectively. We 
shall come to the theoretical treatment presently. The differences 
between M 2 and M 3 (n -- 3, k = 2 , j = f), M 4 and M 6 (n = 3, 
k ssa 3, j ==-- $) follow laws similar to Av ^=L 2 —L 3 , and will be 
treated later on. 

236 . Theoretical Explanation of X-ray Spectra of 

Elements. —We shall now attempt to give*a theoretical treatment of 
the facts discussed in the previous sections regarding the origin of 
characteristic X-ray spectra. The fact that the X-ray lines can be 
explained by assuming that inner shells of electrons possess 
states which have the same quantum characteristics as the states 
assumed by the valency electron in alkali spectra, gave rise in the 
early stages to the widespread belief, that the X-ray term values and 
their differences can be calculated in the same way as term-values 
of hydrogen (§164) or alkalies (Chap. XII), by introducing suitable 
screening constants. But this belief is rather misleading. Charac¬ 
teristic X-rays are produced when one electron is removed, from any 
completed inner shell, and a fresh electron from some outer shell 
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jumps to take its position. The apparent similarity to alkali spectra 
is due to the operation of Pauli’s Principle according to which defect 
of one electron from a closed shell produces the same kind of terms 
as are possessed by a single electron lying outside the closed shells. 

For a proper understanding of the origin of the .X-ray lines, it 
is necessary to have a complete knowledge of the electron-com¬ 
position of atoms. This is described in Chap. XII. The following 
account should be read after the reader has some knowledge of the 
subject-matter of that chapter. 

The origin of the K-spectrum. —There are normally two electrons 
in the K-shell of each element. When one of these is removed 
either by electron bombardment as in X-ray tubes or by photo¬ 
ionisation (Fluorescence method, vide §245), and an electron jumps 
from some higher shell to take its position, the K-lincs are emitted. 
The transition for Ka t « 3 may be denoted graphically as follows :— 
l.s\2p 6 ■*- ls.2p'' 

’P„ 2 P, - 2 S, 

J ? 5 

L* La 4- K 

The normal constitution of the atom is l«*.2«*.2p ,! ... etc. and ls .2 p n 
denotes that one electron is ejected from the Is 2 or K-shell, leaving 
to it only one electron. The energy relation can be -written as 

l* 2 + hv K - l.s + e 

For avoiding cumbrousness, the other electron shells are not 
written. 

Since this state is unstable, one electron jumps from the 2p ''-shell 
to Is forming the structure ls*. 2 p & ... Now according to Pauli’s 
principle 2 p* gives us either 2 P, (L,) or 2 P, (La) owing to two differ¬ 
ent dispositions of the spins and the orbital ( momenta of the five 
electrons. 

The final configuration is Is 2 2 p s , i.e., one electron is lost from 
the 2p-shell, the other shells remaining complete. The energy which 
should be given to the completed atom for getting this configuration, 
M., for ejecting an electron from the 2 p f ’-shell is kv or hv 
according to the relation:— ** 

2p« + hv Lt = 2p 6 3 P V + e 

'V + /iv^ - 2p 6 *P t + e 

The energy radiated as the electron jumps from 2p n to Is is 
given by 




§236 1 THEORETICAL EXPLANATION OF X-RAY TERMS 463 

It should be added that there is some difference between the 
treatments of energy relations in this case and in optical cases. In 
the latter case, the state of zero energy is taken to be that composed 
of the ionised atom and the electron at infinity. So the variable 
part of the energy term comes out negative. Thus the energy of the 
H-atom when the electron is in third orbit is taken to be 
II (3) = — Ith! 3 2 , that of the second orbit II (2) = - Rhj 2 2 , and 
v * v, - v, = (- nj 3 2 ) - (- li/2 2 ) 



In the present case, it is inconvenient to follow the precedent 
in optical spectra and take as our standard zero state the 
system ionised atom plus the electron, as ionisation is due to the 
ejection of the electron from different shells in the different cases 
of X-ray spectra, and not from the outermost layer as in optical 
spectra. Hence only the normal noil-ionised atom is taken to be 
the standard zero state. We can adopt this procedure also for 
optical spectra. If we adopt this procedure for hydrogen, the energy 
of the initial state of (orbit 3) is Rk (l/l 2 -l/3 2 ), energy of the 
final state (orbit 2) is Rh (1/1 2 -1/2*). The emitted frequency 



The two treatments, therefore, give identical results. 

The difference Av = v r -v T is, however, halogen-like and 

not alkali-like. For example, if we take a Cu-atom ionised in the 
La-level, it may be replaced by a F-like core with an outer shell 
of electrons as shown below:— 

Cu ionised in L 2 -shell . .. (29) Is 2 2s 2 2p i | 3s 2 3 p n 3d 10 4s 
F (normal)...(9).. .Is* 2s* 2p 5 .. . 2 P^ — 2 P;i ~ 410 cm" 1 Av/fl — '00374 


Ne+ 

(9).. .Is 2 2.s- 2 2p 5 

—782 cm"’ 

= '00712 

Na++ 

(9).. .Is 2 2s 2 2 p h 

=1364 

= 0124 

Mg +8 

(9).. Is 2 2s 2 2 p 6 

=2226 

= '0202 

A1+ 4 

(9).. .Is 2 2s* 2 p & 

=3440 

= '0323 

In 

F, 2 p 6 2 P, > 2p* 2 P,, 

Av = 410 cm -1 . This 

difference* 


increases with atomic number, i.e., with, the central charge. For the 
X-ray region, Av is much larger, because the central charge is so large. 
" These data are due to Soderqvist, Zs. f. Phys., 76, 317, 7f>9, 1983, 
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The above considerations enable us to fix up the theoretical 
methods for finding the X-ray term-values for any atom. Let us, 
first of all, take the problem of calculation of v K , />., the energy 

required to eject one electron from the K-level. This electron 
normally moves in a field which may be supposed to be composed 
of three fields: (1) that due to the central charge ( + Ze\ 

(2) the field due to the companion electron, (3) and the field due to 

the shell of electrons outside of the K-shell. If the force due to 
the outer electrons could be neglected, the problem is reduced 
to the helium problem (vide Chap. XII). We have two electrons 

in the shell with n ®1, fc = 1, moving round a nucleus with 

the charge (+Ze). The companion electron in the K-sholl should 
be treated separately, as this being in the same quantum orbit, pro¬ 
duces the phenomenon of exchange resonance as in the case of 
helium. These considerations receive support wheu we survey 
the a K -values, <j R being defined as in §235, p. 459, for all elements 

from U 92 downwards up to 2 He. This is shown in column 2, 6 of 
the following table 4, and the accompanying curve in Fig. 17. 



Notes : Strictly speaking the regular K-spectrum of elements 
stops with Ne, as below Ne the ^shells are not complete. However 
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Table 4. —o- Values of K and L-levels. 


Element 

°K 

°L, 

Or 

Element 

°K 

Oj 

i 

0 1 

92 U 

-005 

11-94 

13-44 

40 Zr 

3-59 

12*68 

13 92 

90 Th 

+007 

12*38 

13-86 

39 Y 

3-56 

12*48 

13-70 

83 Bi 

1-34 

13-52 

14*96 

38 Sr 

356 

12-48 

1370 

82 Pb 

1-51 

13*64 

1508 

37 Rb 

3*54 

12 34 

1358 

81 T1 

1-63 

13*76 

15*20 

35 Br 

3*49 



79 Au 

1-92 

13 98 

15-40 

34 Se 

347 



78 Pt 

2*03 

1408 

15-50 

33 As 

344 

1178 

13 00 

77 Ir 

2*13 

1414 

15*54 

32 Ge 

3-41 



74 W 

2:45 

14*30 

15*70 

31 Ga 

3*33 



73 Ta 

2*51 

14-32 

15-70 

30 Zn 

332 

11*20 

1244 

72 Hf 

261 

14*34 

15*72 

29 Cu 

3-28 

1100 

12-24 

71 Pi* 

266 

14-40 

15-78 

28 Ni 

3-22 

1070 

11*94 

70 Ad 

2-80 

14*40 

15*76 

27 Co 

3*17 



68 Er 

294 

14*40 

1574 

26 Fo 

3-11 

10*18 

11**42 

67 Ho 

300 

1438 

15-74 

25 Mn 

305 


1110 

66 Dy 

306 

1436 

15-70 

24 Cr 

300 


10-88 

65 Tb 

3*11 

14*34 

15-68 

23 Va 

293 


1060 

64 Gd 

317 

1432 

15-62 

22 Ti 

287 


10-34 

63 Eu 

3-23 

14-28 

15-60 

21 Sc 

280 


1000 

62 Sm 

3'25 

14-24 

15 58 

20 Ca 

275 

i • • * 

9-84 

60 Nd 

335 

1416 

1548 

19 K 

270 

i 

9-68 

59 Pr 

339 

14-12 

15-42 

18 A 

265 

«• * 


58 Ce 

! 343 

1404 

1536 

17 Cl 

2-58 

• •« 

938 

57 La 

346 

14-04 

15-30 

16 S 

2-51 

! # 

908 

56 Ba 

] 349 

13-98 

15-28 

15 P 

2-44 

1 

886 

55 Cs 

352 

1400 

1526 

14 Si 

236 


861 

53 I 

358 

13-90 

1518. 

13 A1 

2-29 ! 

! 

... 

8-368 

52 Te 

359 

13-80 

1510 

12 Mg 

2-20 | 


808 

51 Sb 

359 

13-76 

1504 

11 Na 

225 

•. * 

... 

50 Sn 

364 

13-82 

1508 

10 Ne 

, . . 

• • . 

• . • 

49 In 

364 

1372 

14-98 

9 F 

1*894 

4-68 1 * 

• . . 

48 Cd 

364 

1362 

I486 

80 

1*76 

416 


4 7 Ag 

333 

13-42 

14-68 

7 N 

ICO j 

... t 


46 Pd 

3'64 

13-36 

1464 

6 C 

1*46 ! 

2-78 

. . . 

45 Rh 

365 

1324 

14*48 

5 B 

1*116 ; 

2-30 J 


44 Ru 

364 

13-16 

14-42 

4 Be 

1*0481* 



42 Mo 

362 

12-92 

14-16 

3 Li 

0*853 \ 


. . . 

41 Nb 

3-60 

12-80 

14-04 

2 He 

0657 J 


... 


by using X-ray methods, a number of semi-optical lines have been 
obtained for lower elements in positions predicted for Ka-lines. 
They do not show the doublet structure and become increasingly 
diffuse as we take lower elements. In the case of Be the breadth of 


* The ox-values for Be, Li, He and oi^-values for 9 F to 5 B are from 
electron bombardment experiments (see tables 5 and 7). The other data 
are computed from table 2. The ol,- values for Ni, Cu and As are from 
Thorseu’s measurement of Kp$ {vtde § 239). 

F* 59 
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the lines is about 15 A. units as can be seen from Siegbahn's 
microphotogram reproduced in Fig. 19. The nature of the line 
also varies considerably with the physical states as well as its states 
of chemical combination. But it is clear that the radiation is due to 
the ejection of an electron from the K-shell, and the subsequent 
filling of this level by a semi-optical electron. We are therefore 
justified in talking of K-radiations of these elements. This subject 
will be fully discussed later in § 240 in connection with the spectro¬ 
scopy of soft X-rays. 

It is also clear that the element He may be supposed to be the 
first giving the K-spectrum, as it is the first clement to have its 
K-shell complete. Hence vk for He may be taken to correspond 
to the ionisation potential of He, vix., 24'45 volts. The curve for ok 
shows that it is continuous up to He. This is in support of the 
method proposed for calculating vk -limits theoretically from atomic 
models. 

From an inspection of the (ok , Z) diagram it is found that the 
curve is parabolic, with kinks at places where a shell is beginning 
to be completed and a new shell is beginning to be formed. As for 
example for 20 Ca, a = 278, while for 21 Sc, a — 2'80. In Sc the 
3 d shell is beginning to be formed. It is quite probable that some 
of these values require revision. 

The value of o becomes approximately constant for 37 Rb to 56 
Ba (within 3'54 to 3‘64) and this gave rise formally to the belief that 
orir is constant for all elements. The belief was strengthened from a 
calculation of o by Sommerfeld from entirely different considerations 
(§238)which gave almost the same result. But beyond Ba, Ok begins 
to diminish, and for 92U, Ok actually becomes negative, i.e., there is 
negative screening. No explanation has yet been forthcoming for 
tnis paradoxical result, o can be roughly represented by the formulae 

ok = ’895 + 724 Z - ‘0014 Z*.up to Z = 20 

ok =s= '895 + '124 (Z— 1) — '0014 ( Z —l) 2 ... between Z — 20 to 92. 

237. Calculation of vk .— According to the ideas developed, 
Vk should be calculated from the wave-mechanical equation: 

vft + V|H> + W+ - e - + Ze! - -I- rl y - 0. 

* L ri r 2 r i2 J * 

where + + and fa, y t *,) 
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are the coordinates of one K-electron, V~ 2 is the same operator for 

the second K-electron, r ly r 2 are the distances of the electrons from 
the nucleus, W = total energy, n 2 = mutual distance between the 
electrons, V = potential due to the outer shells. 

If V = 0, the equation reduces to the He-problem which was 
first formulated by Heisenberg,* and numerical formulae for calcula¬ 
tion of W were given by Hylleras and Kellner.f The value of V 
may be represented by formulae of the type 


y- s 


+2 



where the summation extends over electrons composing the shells 
Lj, L 2 .... and r L , r, . .. are the radii of the shells. 

The value of V has not yet been calculated, but it can be shown, 
that it contributes substantially to the ‘ screening/ For if we omit 
V in the wave-mechanical equation we get the value of W by 
u sing the formula for He-like ions given by Hylleras: 


EjRh = Z 2 ~%Z + *31488—*01752 /Z + *00548/z 2 ] 

E 2 /Rk = {Z + l) 2 .(4) 


where Ex = energy of the first electron, and E 2 = that of the 
second electron. 

This formula (4) is in agreement with values of I. P/s of atoms 
stripped to the He-core as recently determined by Edlent {vide 
columns 2 and 3 of table 5). 

In this table the figures in the 2nd column give us the 
ionisation potentials of elements stripped to the He-core as 
experimentally determined by Edlen, the 3rd column gives us the 
values calculated from (4\ the 4th column gives the corresponding 
v/R values, o is obtained from the relation v/ 2 ?=(Z~ 0 ) 2 . It is 
seen that a tends to take the limiting v.Jue ‘655. So the contribution 
of the companion electron in the K-shell to screening may be taken 
to be ‘655. The remaining part of screening is certainly due to the 
outer shells of electrons. The 6th and 7th columns show the v^/ R 


Heisenberg, Zs . f. Phys ., 39, 499,1926. 

Hylleras and Kellner, Zs, f. Phys , 54, 737,1929; 66, 209,1931. 

Edten, Zs, f. Phys., 84, 746, 1933. 

v/^-values are calculated on the basis of R -»13*54 volts. 
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Table 5—a-mhies for atoms stripped to Tic-core. 


Element 

1. P. of Stripped 
atom (volts) 

v/Ii 

(Equ. 4) 

a 

v K /« 


Exp. 

(Edldn) 

Theor. 
(Equ. 4) 

2 He 

24*465 

24*45 

181 

*655 

1-8 | 

* 

0-657 

3 Li+ 

75-256 

75-272 

5-56 

•642 

4-61 1 


0*853 

4Be+2 

| 

153108 

15309 

11-30 

•637 

871 j 

1 

1048 

5B+3 

258028 

2580 

19-05 

•634 

14-2 \ 

t 

1116 

6 C+« 

390018 

3900 

28-81 

•632 

20-6 


1-46 

7 N+i> 

549 081 

i 



293 


160 

8 0+6 

735-218 




390 


1-76 

9F+? 





505 , 


1-894 

10 Ne+s 









and <jk values taken from table 2, and we find that the energy of 
ejection has now fallen down considerably. Taking C wc find that 
v*/ R = 20*6, whereas v/B for the stripped atom is 28'8l, and 
ok — o ~ *828, the four electrons which in the gaseous state 
has the combination 2s 2 2 p 2 now produce the screening *828. 
As the outer shells become filled up, o K — o rapidly increases as 
expected, and ultimately reaches a steady value, after which ok 
diminishes rapidly, and actually reaches a negative value for U. The 
physical cause of this negative screening is yet Unknown. 

238. The Regular Doublet Law. —The explanation of the 
empirical relation known as the regular doublet law was first attempted 
by Sommerfeld^t and is merely an adoptation of the methods 
evolved for explaining the doublet separation in the spectrum of 
H or better the spectra of alkali elements (vide Chap. X). 

* Skinner’s data from critical potential: K-excitation potential of He, 
Li, Be are 2V37, 62*5 and 118 volts respectively. Skinner, Be: Proc. Hoy. 
Soc. A, 140,277, 1933; Li: ibid. 135, 84, 1932; He: Nature, Feb. 6, 1932. 

t Holweck’s data (from absorption). 

t A. Sommerfeld, Atombem tmd SpefUraltinien (1924), Kap. 6, p. 442. 
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But the explanation is theoretically not satisfactory, because 
though in the L 2 “Lj difference we have to deal with a doublet 
p-difference, the terras arise not from the presence of one electron 
outside the closed shells as in the case of the alkali elements, but from 
the defect of one electron to a completed 2p-shell. The X-ray doublet 
difference should therefore be linked with the 2p s ...(*P| - 2 P|) 

difference of fluorine-like atoms. But this problem has not yet been 
theoretically solved. In the absence of such treatments we give an 
outline of Sommerfeld’s theory. 

According to this, the doublet separation for two terms having 
same n, / but having their j — l + 2 and l—k is given by 


A v/R 


a *( £-g 2 ) 4 21+1 

n 3 '2 l(l+k){l+l) 


Here we are assuming that the screening is a>. 
n 2, the above formula reduces to 


A v/R 


a- (Z-a ,r 


When 1^1 and 


Sommerfeld first assumed a value of 3*5 uniformly for o 2 . If 
this were correct we should obtain a consistent value of a 2 /2 l from 
the observed doublet difference, and this should equal ’332X10" 5 


as obtained in §176. But this was found to be far from being the 


case, as table 6 shows* 
We find that the value 
of the constant differs 
from *35X10" 5 for Ca 
to ‘446X10“ 5 for Th. 
It has been explained 
by several investigators 
by taking the second 
order terms in a 2 . But 
in view of the fact that 
the theoretical basis is 
unsatisfactory an ac¬ 
count of these works 
are not given. The 
reader may consult 
p. 325 of Siegbahn’s 
X-rays. The problem 


Table 6 . 


Element. 

A V ‘- 

A h 

a 2 a v 'a 1 In , 

2* ~ A It. {%- 3-5)*" 10- 

20 Ca 

0*26 

035 

25 Mn 

0-82 

0-38 

30 Zn 

170 

0345 

35 Br 

339 

0344 

40 Zr 

6-11 

0-344 

45 Rh 

1053 

0355 

50 Sn 

10-83 

0360 

55 Cs 

25-69 

0365 

60 Nd 

3793 

0-372 

65 Tb 

54’27 

0-379 

70 Ad 

7607 

0-389 

75 Re 

104'97 

0-402 

80 Hg 

141-18 

0-412 

90 Th 

249-93 

0*446 


of calculation of energy values of electrons in different shells is 
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therefore an open one, and may be attempted in years to come with 
the aid of the methods developed by Hartrcc and Fermi* (method 
self-consistent fields). 


239. The Term Values of L t and L 2 -leveh.—T/re \ L -values. 
The values of the L -levels from absorption are known up to 37 Rb. 
The corresponding a L ,-values arc calculated from the relation 
Vv Lt JR — {Z—c ln )/2 and shown in column 6 of table 7. For other 
elements, the absorption limit has not yet been obtained, but we can 
determine v I/t from the relation 


v L , = vp 3 + v K - v Kj3 


In this way Vj, has been calculated for 26 Fe, 28 Ni, 29 Cu, 
and 33 As from Thoraus’ measurement of Lp,. The a L ,-values 
thus obtained are shown in column 7, table 4. The Oj,, ’s are plotted 
against the atomic number in the lower curve of Fig. 18. A few other 
v L -values for elements below 26 Fe may be calculated roughly 
by a number of indirect methods, e.g., from the empirical relation 
given by Hertz and Sommerfeld 


VLi - VL 2 = const. = "64 


as has been done by Stoner,f or by the method of electron bombard¬ 
ment. Data for 9 F to 5 B in column 6 of table 7 are obtained by the 
latter method. 

As v L( measures the energy of ejection of the electron from the 
Lj-shell, the problem of determining v L| may be started from 
that of Beryllium-like atoms which have the structure Is 2 2s 2 . We 
have therefore added in table 7 the experimentally determined 
values of the I. P.’s of atoms stripped to the Be-shell, viz., of 
® e > ® + > C + * • • • • The corresponding screening constants are shown 
in column 4. It can be seen that c L -values in column 6 tend in the 
limit to o for Be. It is found that the I. P. of atoms stripped to the 
Be-core can be represented by the empirical formula 


E = (Z-2*34) 2 + -427- 


2*61 

(Z-2’34) 


3*25 

(Z-2'34)* 


* Fermi., Zs. f. Phys., 48,72, 1928 ; 49, 650, 1928, 
+ Stoner, Phil. Mag., 2, 97, 1926. 




Pig. 18. (cr-Z) curves for L-j »n«i L fi .levels. 

The values of o Ll< calculated according to the formula 

= (Z-a u )l2 

are shown in columns 4 and 8 of table 4, and the variation of a 
values with atomic number is shown in the upper curve of Fig. 18, 
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Table 7. 



I. P. (volts) of 

i 

v/li 

[ 

Vl,/« 



Element 

stripped 

atom 

a 


a n. 

4 Be 

9276 

•685 

2-345 




5B+ 

24-998 

1-846 

2-28 

i-82'1 

! * 

2"30 

6 C++ 

7 N+3 

47-637 

77038 

3-518 

5-69 

2-248 

2-229 

2-6 I 
1 

► 

i 

2-78 

8 0+ 4 

113-298 

8-367 

2-215 

3-69 J 

! 

4-16 


The a Ly -levehs\ The L 2 and La-absorption levels have been 

given in Table 2 up to 12 Mg, and a few of them are also shown in 
column 5 of table 8. 


Table 8. 


Element j 

I. P, of 
stripped 
atom 

v/li 

0 

vj JR 

1 

°L t 

10 Ne 

21-49 

1-59 

7-48 



11 Na+ 

46-78 

3455 

7-28 

• .. 


12 Mg++ 

80-91 

5976 

7112 

3-642 

808 

13 A1+ 3 

12177 

8-993 

7018 

5-364 

8368 

14 8i+ 4 

168-72 

12-473 

6-940 

7-261 

8-61 

15P*5 

221-9 

16-38 

6978 

9-4 

8-86 


As v Ly v La indicate the energy of ejecting an electron from the 
2p 6 -shell, the starting point for the calculation of the a Sj9 -values 


should be the neon-like atom. This has not yet been attempted. In 
table 8 we have given the I. P. of atoms ionised to the Ne-like 
coreas far as known, and the calculated values of screening constants 
are shown in column 4. It is seen at once that o Li -values in column 6 

tend in the limit to o for Ne. The o Ij2 -values are roughly repre¬ 
sented by the empirical formula 


a - 7728 + '277 (Z-10) - ‘00231 (Z-10) 2 - *000001 (Z-10) 8 


The I. P. of atoms stripped to the Ne-core can be represented by the 
empirical formula 


E «(Z- 6746)*+1*917 - 


42*8 

(Z— 6745) 


70*165 
(Z—6745)* 


♦ Data from electron bombardment method, 
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240. Soft X-Rays.— A few years ago practically nothing was 
known about the region between 10 A. U. and 500 A. U. This 
was almost entirely due to the lack of proper technique. The rays 
are too long for crystals and too short for optical gratings as usually 
used. Further the rays are completely absorbed by air. In fact 
before 1924, the softest X-rays photographed were the La-line of 
Cu (13*3 A. U.) and Ka of Na (11*88 A. U.). On the optical side, 
Lyman* and Frickc had carried the measurement of He-lines to 
Ca A, 500 A. U. though this was rapidly surpassed by Millikan and 
Bowenf who, in their investigation, reached as low a wavelength 
as 40 A. U. 

In 1924, Thoraeust and Dauvillier§ used crystals of palmitic and 
melissic acids, having the grating constants (1 == 27 A. IT. and 73 A. IT. 
and photographed the L-series of Va (24*2 A. 17.), and K-series of O 
(23*28 A. IJ.). As the crystals were rather imperfect, the lines 
obtained were broad and diffuse. 

Great advance in technique was however made by Thibaudll in 
J927 who used plane gratings at a grazing angle of incidence, and 
he succeeded in recording the Ka-line of B ((>8 A. U.). At this 
stage, the investigation was taken up by many workers, including 
Siegbalm and his pupils a description of whose apparatus has been 
given in §§143 and 144. 

241. Survey of Results.— Our knowledge of spectra of 
elements in this region is at present growing very rapidly. Roughly 
speaking, investigations in this region give us the data for those 
parts of the Bohr-Coster. curves where they begin to get irregular, 
e.g. y for the K-spectrum below Na, or the L-speetrum below Ca . .. 
etc. 

Tiik K-speotrum from 11 Na to 3 Li 
As mentioned on page 461, the K-spectrmn is regular only up to 
11 Na; for elements of lower atomic weight, the 2 p-shell is not 
complete, and the lines arc not sharp. The lines are therefore 
increasingly diffuse, and the wavelength depends also on the state 
of chemical combination. The older results may be taken to have 

* Lyman, A sir, Jour ., 60, 1, 1924, 

•f- Millikan and Bowen, Phys. Rev., 23, 1,1923. 
t Thoraeus, Phil ' Mag., 1 , 312, 1926 ; 2, 1007, 1927. 

§ Dauvillier, Journ • ae Physique, 8 , 1, 1927. 

|| Thibaud, Phys. Zeit., 29,9, 241, 1927. 

F-00 
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been superseded by those of Siegbahn* and his pupils who used the 
concave grating as described on page 277 and got much sharper lines. 
As a typical example we take the Ka-line of Be. The line is about 
15 A. units wide, has a sharp beginning on the short wavelength 

side at 110*95 A. U., and a micro¬ 
photometer curve shows a number 
of subsidiary peaks as represented 
in Fig. 19. The analysis of the 
peaks is shown in the figure, as 
well as in the scheme below. 
Similar peaks have also been 
found in the microphotogram of 
the Ka-line of C by Prins.f He 
takes these peaks to be satellites 
to the main line C Ka at X 44*31 A.U. and their positions are 
given below:— 



Ka 

Ka 

Ka" Observer 

6 C.. 

. 44-31 

43-67 

43'28 A. Units Prins 


edge 

Max. 1 

Max. 2 Max. 3 

4 Be. 

. 11095 

113-2 

116*8 119"2 A. U. Siegbahn 


The K-lines increasingly become sharper as elements of higher 
atomic weights are taken. 

The K-absorption edges of C, N, and O were first obtained by 
Thibauctfc in 1927. Recently Siegbahn§ has devised a new method 
in which a copper arc is used as the source of continuous radiation. 
The copper arc does not actually give a continuous spectrum, but 
is so rich in lines that it can be regarded as giving continuous light. 
On using a foil of A1 as an absorber, a sharp cut was obtained at 
X170‘5 A. U. This corresponds to the L 2 -absorption edge of Al. 
The method is very promising and further results are awaited with 
interest. 

Very recently O'Bryan and Skinner'll* have investigated the 
K-emission spectrum of Li, Be, B, C, and L-emission spectrum of 

* Siegbahn, Zs. f. Phys., 87, 1934. 
t Prins, Zs. f. Phys ,., 81, 507, 1933. 
t Thibaud, loc. tit. 

8 Siegbahn, Proc. Phys . Soc., 1933. 

I H. M, O’Bryan, H. *W. Skinner, Phys. Rev ., 45, 370,1934 



Fig. 10. Microphotogram of Be Ka-line. 
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Na, Mg, Al, Si by using a 2 -metre curved grating, and have obtained 
results (band heads and peaks) similar to those of Siegbahn. Their 
results for Li, and those for other light elements due to Siegbahn and 
Magnusson are quoted in the table below: 


Table !). — K-emission imcs and edges for light elements. 


Element 

Ma.u.) 

! 

v/R 

Jv/R 

Remarks 

11 Na 

11'88 ! 

76-91 

8-76 


9 F 

18'27 ! 

50-0 

7*07 

X corresponds to 

8 0 

23'61 ! 

38*55 

6-20 

line 

7 N 

31*59 i 

i 

2890 

5-38 


6 C 

43*74 




5 B 

66*2 

1379 

3-71 

X corresponds to 

4 Be 

110*95 

8-21 

2-86] 

band head 

3 Li 

225*3 

404 

2-01 



Thk L-Series Lines 

In the L-region Siegbahn and Thoraeus obtained the L-series 
lines up to vanadium (23). In the case of iron ji 3 (Li«-M 2 , s), 
q(L 2 -<-Mi), Pi (L 2 +-M 4 ), / (Lgf-Mi), a 1)2 (L 3 -*-M 4 , 5 ) have-been 
observed. In the case of vanadium only the a and P lines could be 
detected. With the advent of grating spectroscopy Kellstrom* and 
Howef pushed the results up to Ca ( 20 ).+ The L/s line has not been 
observed after Mn, and La-lines after Ca. The reason is that 
these lines are due to transitions (L 2 , 3 -♦Mi, 5 ) and the (M 4 , Ms)- 
group disappears after calcium and so no transition can take place. 
The / and q lines persist up to phosphorus (15) as proved by 
Siegbahn and Maguusson after which the L-spectrum becomes a 
band with a structure depending on 4 he chemical combination of 
the element. 

A list of the L-series lines for elements Cu to S is given in tables 
at the end of the chapter. When sulphur as a sulphate was used, 
the l and q lines could be resolved, but with pure sulphur they could 


* Kellstrom, Zs., f. Phys., 58, 511,1929. 

t Howe, Phys. Rev., 35,717, 1930. „ . . , . „ 

t It is doubtful whether the La-line of Ca is at all obtained, for Howe 
does not report it, but Kellstrom’s results show a fairly strong line. 
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riot be resolved. /, tj lines could be resolved up to Fe, but in recent 
researches by Siegbahn they appear separated up to S. 

With phosphorus the Mine becomes a band^ with a sharp edge 
at 91*15 A. U. and two maxima at 90*3 and 97*9 A. U. In the case 
of Si, Al, Mg the L-series lines are very interesting. The line group 
forms a band with a sharp limit on the short wave side. It has been 
suggested by Siegbahn that the sharp edge is due to transition from a 
conduction electron level. In order to test this point he took two 
photograms, in one of which metallic aluminium was taken 

and in the other alumina. 
Aluminium is a good 
conductor, while alumina 
is not. The spectro¬ 
grams were found to be 
entirely different. The 
alumina spectrum was 
more or less similar to P, 
containing two maxima, at 
184'0 A. U. and 198-60 
A. U. In Fig. 20 the 
dotted line is the micro¬ 
photograph of alumina spectrum, while the continuous line is 
that due to aluminium. In the latter the maxima arc not; evident, 
but there is a sharp edge at 170*49 A. In this case transitions 
are taking place between the vacated K-shell and conduction 



Fig. 20. Microphotograms of the Ii-lincs of Al. I—From 
Aluminium,-From alumina.] 



The dotted extension of K and Lr|/-linea corresponds to band emis- 
•K-series: Thibaud, Soderman; L-series: Kellstrom; M-series: 
Lind berg N-series Magnusson. OPrins and Tafcfens. x Siegbahn. 
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(Sommerfeld-Fermi) electron levels, and consequently the regular L- 
ernission is masked. In the case of alumina there are few of 
these electrons and so it has a different structure. The Moseley 
curves of the La and L/, q lines have been shown in Fig. 31 due to 
Prins and Takens. The level value of Mi-shell can be obtained from 
the energy of the /, q lines and those of L 2 , 3 -shells. These values 
have been incorporated in table 2. 


The L- Absorption Spectrum. 


The L-absorption spectrum has 
been obtained by the crystal method 
up to 37 Rb (Li == 5*985 A. U.) by 
Coster and Mulder.* Prins and 
Takens f have worked with Cu, Ti, 
and Ca and their values are given 
in table 10 for L 2 ,a shells. 


Table 11. —L 2 ,^absorption edge 


of Si , Ag, Mg. 


Element 

l 

v/A- 

i 

vV/A 

14 Si... L 3 

125*5 

7'26 

269 

13 A1... L 2 

169-90 

5-364 

2-316 

l 3 

170-47 

5346 

2-312 

12 Mg... L 3 

250-20 

3-642 

1-91 


Table 10. — Ls-absorp- 
tion limits. 


Element 

X 

v/R 

vv/ft 

29 Cu 

12*9 

70-7 

8-41 

22 Ti 

27-29 

3341 

5-78 

20 Cu 

33-63 

25-59 

5-09 


the chemical state of the 
absorber, but still these values 
are in good accord with the 
values of L 2 , 3 shells found 
from K-absorption and K- 
series lines. Siegbahn has 
introduced a new method of 
studying the absorption spec¬ 
trum which has already been 
described. His results are 
illustrated in the table 11. 


The absorption edge depends upon 


The M Series. 

Using the crystal method, Lindbergh extended the M-series to 
Ce (58). But he found that only y (M 3 «-Nfi), P (M^Ne* 7 )* 
«i(M 6 -<-N 6 , 7 ) continue up to that element using the line grating. 
Thibaud§ found that the My, M£ (M 4 , 5 ^ 2 , 3 ) persist up to Mo. 
Prins and Takens II diave obtained the M£ lines of elements Y(39) to 
8b (51). The tables at the end of the chapter give his results. 

* Coster and Mulder, Zs. f. Phys ., 38, 264, 1926, 
f Prins and Takens, Zs. f. Phys., 84, 65, 1933. 
t Lindberg, Dissertation , Uppsala, University , 1931. 

§ Thibaud, toe. cit. 

\\ Prins and Takens, Zs. f. Phys., 75, 741, 1932; 77, 706,1932. 
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In a recent paper Siegbahn and Magnusson* have considerably 
extended the results, and have found Mrji lines corresponding to 
(M w «-Ni) transitions for the elements 35 Br to 47 Ag. The 
(M 4 , 5 ^N 2 , 3 ) lines were separated into their components for 35 Br 
to 37 Rb. Between 37 Rb—40Zr, the (M 4 , 6 <-N 2 , 3 ) lines merge into 
one, and after that all the three lines become single as reported by 
Prins and Takens.f 

The strongest line is due to M£ (M 4 , 5 «-N 2 , 3 ) and Mr|Z-lines 
persist from 35 Br to 48 Pd after which it has not been found. 
The most important feature of the M-series lines from j 
theoretical point of view are the lines which originate from the 
transitions within M-levels themselves . We shall discuss them under 
the N-series, because there also similar lines have been obtained. 
The MM-lines obtained by Prins and Takens and by Siegbahn and 
Magnusson are listed in Table 12 . 


Table 12. — MM-lines for elements 35 llr to 50 Sn (l in A. TJ.) 


Element 


| 

j M 3 «-M 4 , 5 

Element 

M 2 «- M 4 

M 34 -M 4 , 5 

35 Br_ 

109-41 

1 

113-8 

44 Itu 

62-21 

6834 

37 Rb 

9151 

: 96-71 

45 Rh 

593 

656 

38 Sr 

85-93 

9138 

46 Pd 

5638 

6283 

39 Y 

81-5 

j 86-5 

47 Ag 

54-1 

60-6 

40 Zr 

766 

81-71 

48 Cd 


588 

41 Nb 

42 Mo 

72-13 

68-8 

78-21 
j 74-7 

i 

50 Sn 

473 

j 1 

54-15 


35 Br 
37 Rb 


Mi«-M 3 Mi^M 2 
144*41 156*1 

144*41 


The transitions M^M- 3 , Mi«-M 2 have been obtained only for 35 Br 
and 37 Rb. In Fig. 31 the Moseley curve for the M-lines including 
MM transition-lines has been shown. 

As is usual in the case of very soft X-rays, the structure of the 
lines depends on the state of the target, and its crystalline structure. 
In the case of some elements Siegbahn and Magnusson^ have obtained 


* Siegbahn and Magnusson, Zs . f. Phys 88 , 589, 1934. 
f Prins and Takens, be. cit. 
t Siegbahn and Magnusson, be. cit. 
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Table 13. — M-emission bands . 


bands with sharp edge on the short-wave side, and with a maximum. 
They ascribe these bands to 
transition from conduction 
electron levels, and denoted 
them as and Y 2 . The 
positions of the maximum (\ in 
A. U.) are shown in table 13. 


Element 

M4.5-Y, 

m 4 „-y 2 

38 Sr 

9637 


40 Zr 

750 

70-4 

41 Nb 

6781 

61-76 

42 Mo 

59-81 

55-3 

44 Ru 

48-95 

4476 

45 Rh 


4078 

46 Pd 

4044 

37-35 

47 Ag 

j 36-83 



The N-Series. 

The N-series lines were 
first discovered by Doljsek* in 
1922, but the results were in 
doubt, till Thibaud's work 
confirmed them. He showed that in the N-series mostly the 
inter-level transitions (N 4 , 5 ^N (J , 7 ) are obtained. This has been 
verified by various workers’^ for elements of higher atomic number, 
73 Ta to 81 Tl. Siegbahn and Magnusson (lor. oil.) have extended 
these measurements for 71 Cp to 55 Co. 

In Cs and Ba there are three regular N-lines close together, the 
energy of which corresponds to transitions (N 4 , 5 «-O 2 ,:0. In the 
spectrogram the lines are resolved. It is likely that these lines do 
not come out after I, for in the plate containing Cs spectrum 
there is no line due to I, although Csl was taken as the target. 
The 0 2 , Oa-levels just begin to be filled up at I (53). There is no 
evidence of inter-level transitions for these elements. 

In the table at the end of the chapter, the wavelength of all these 
regular N-lines for Cs 55 to Bi 83 are given. 

For the rare earths from 57 La to 71 Cp, the N-lines have an 
interesting structure. They are in the form of bands having peaks. 
The peaks have been identified to be due to (N 4 ,5«-0 2 ,3)-transi- 
^s, and also the inter-level transitions (N 4 , 5 «-Nfl, 7 ). 

The Moseley diagram is shown in Fig. 31. 

: Siegbahn and Magnusson ( loc. cit .) have also experimented upon 
8 j jri, 82 Pb, 83 Bi, 90 Th and 92 U, and they find that (N fi ,7«-0 4 ,6) 
ha je been resolved, and have sufficient intensity; but the lines 
(N 4 , 5 *~ 0 2 , 3 ) are not present. 


i i 


•— -•? —. . . .. 

, ; * Doljsek, Zs. f. Phys., 10,129, 1922. 

if Thibaud, del Rosario, Prins and Takens, Magnusson, Zs. f. 
Phys., 79, 161, 1932 ; Chalklin, Phil. May., 1$, 363, 1933, 
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In tables at the end of the chapter all the N-lines are shown. 
For full Moseley diagrams of M, MN, N and NN-lines see Siegbahn 
and Magnusson's latest paper ( loc . eit.). 

In the N-spectra of heavy elements, the lines N 4 «-No and 
N 5 «-N «,7 have been obtained by a number of workers. The transition 
in these cases also takes place in the levels with the same total 
quantum number. In table 14 Magnusson's results supplemented by 
other data are given. 

Such lines in which Aw = 0 are very common in optical 
spectra and it is surprising that they are not so common in X-ray 
region. 


Table 14.—Lines due 1o NN-transitions (X in A . U) 


Element 

n 4 «-n 6 

N 54 -N 6,7 

Element 

n 4 -n 6 

n 5 «-n 6)7 

59 Pr 

10934 

113-27 

74 w 

55-8 

58*50 

60 Nd 

102-67 

108-7 

76 Os 

51-8 

; 54-6 

62 Sa 

95-7 

98-4 

77 Ir 

B 0-1 

52*8 

63 Eu 

... 

. .. 

78 Pt 

48-0 

509 

65 Tb 

• . • 

86-7G 

79 Au 

468 

49-4 

66 Dy 

* .. 

83-34 

80 Hg 

43-6 

61-4* 

68 Er 

72*7 

76-3 

81 T1 


4635 

70 Ad 

65-1 

69-4 

82 Pb 

42-25 

44 95 

71 Cp 

6299 

6570 

83 Bi 



73 Ta 

58-1 

61-0 





241-a. Probability of Inter-transition in the L-shells.— 

Costerf, Saha and Mukherjeet tried to observe the L* — L> 
transition in the case of heavy elements like W. In this case although 
the excitation voltage corresponds to that of ,the L 4 -shell, yet the 
wavelength of the L 4 -L# transition will be long, about 6*8 A. units 
for W. It was suggested that the energy of the L t — L« transitions is 
just greater than some of the outer M-shells, and so it is internally 
absorbed. Take the example of W. For this element we have 

Li L« L 1 -L 3 Mx M 2 M 3 M 4 

74W 890*8 751 # 3 139*5 207*3 189*3 167*5 137*5 . . (v/R) 


* Rosario, Phys. Rev., 41, 13G, 1932, Values for T1 and Pb are from 
Siegbahn and Magnusson’s latest paper (loc. cit.). The other data are due 
to Magnusson. 

t Coster, Phil. Mag., 48, 1070, 1922. 
j $aha ajid Mukherjee, Nature, 133, 377, 1934, 
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Thus Li — L 3 difference just exceeds the value of M*. This state of 
affairs stops at about 68 Er. For this element we have 

Li L 3 Li - La M 2 M 3 M* M 5 

68 Er 718*5 615*9 102*6 163*6 147*7 133*6 107*3 104*4 . . (v/tf) 

We thus see that here L t -L ; is smaller than any of the M-levels. 
So it was suggested that for this and other similar elements, Li - h :i 
lines should be observ T ed. But this lias not yet been experimentally 
verified. O'Bryan and Skinner {lor. cit .) recently reports that in the 
L-bands of Si, Al, Mg, the Lj —La transitions are very likely present. 
But they are not definite, for the transitions of conduction electrons 
mask them. These lines fall in the optical region. For the MM- and 
NN-transitions the energy of the rays is less than that of the outer 
N and O shells. So they are not absorbed. 

0-series. —Siegbahn and Magnusson find a broad band for 
thorium at 1 174*2 A. IT. which maybe due to transition from 
conduction electron levels. One of the peaks inside this band 
corresponds to the transition to O levels, and the value of the 0 4 , 5 
level thus found agrees well with the values found from N-series 
data. The earlier results of Thibnud are doubtful. 


242. Investigation of the Inner Energy Levels of Atoms 
by means of Magnetic Spectra of Secondary Electrons.— 

Mention was made on page 206 of Sagnac and Dorn's discovery that 
when a metal plate is irradiated by X-rays, secondary electrons 
possessing large velocities arc emitted in addition to characteristic 
and scattered X-radiation. Many methods were tried to measure 
accurately the energy of these secondary‘electrons. The following 
may be noted :— 

1 . By subjecting the electrons to a known magnetic field, and 
measuring the curvature of the orbits. This method generally 
known as the magnetic spectrum method was first tried by Dorn. 

2 . By finding out the retarding potential which would stop 
the emission of electrons. This was tried by Laub.* 

3. By measuring the absorption coefficient of electrons in 
known gases. 

Of these methods, the first alone has survived. The appa¬ 
ratus of Dorn was successively improved by De Broglie, f 


* Laub, Ann. d. Phy *., 26, 712, 1908. 
t De Broglie, Jour de Physique, 2, 26o, 1921. 

F. 61 
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Whiddington,* Rutherford and Robinson.f In this chapter, we shall 
describe the apparatus used by Robinson (Fig. 19). 

The apparatus^ is a modifica¬ 
tion of De Broglie's original 
design and differs from it in 
certain details which aim at reduc¬ 
tion of the time of exposure, and 
sharpening of the spectral lines. 
It is enclosed completely in a brass 
box B having an aluminium 
window W through which X-rays are admitted. L is an L-shaped 
piece of lead carrying two fine slits (of lead) Si and S 2 . The target 
T is so placed that its middle point is vertically below the slit Si, 
and in the same horizontal line with the second slit S 2 as shown in 
Fig. 22. It may be oriented at any angle to the incident beam of 
X-ray. De Broglie puts it perpendicular to the beam. The photo¬ 
graphic plate P is put on L so that it just projects under the slit S 2 , 
which gives us a fiducial point on the plate. When everything is 
in position, the chamber is evacuated to as high a vacuum as possi¬ 
ble, and X-rays passing through W are allowed to fall on T. A 
uniform magnetic field is applied by means of a pair of Helmholtz- 
Gaugain coils perpendicular to the plane of the paper. As the 
magnetic field disturbs the cathode rays of the X-ray tube, Robinson 
used compensating magnetic fields to nullify the deflection. 

The target T must be thin, otherwise the photo-electrons lose 
part of their velocity in coming through the layer of matter in the 
target, so that the spectral lines lose their sharpness. In the case 
of salts, or substances in the form of powder, a thin layer is spread 
uniformly over a piece of paper. 

The photoelectrons are emitted in all possible directions and 
those possessing the same energy describe a circular path 
having approximately the same radius and are recorded on the plate 
P at a certain point A. Since SiTA is a right angle, it is evident 
that Si A is a diameter of the circle. Electrons emitted from 
either side of T and passing through Si, but possessing the 
same energy will hit the plate on either side of A, so that 
the line will have a finite breadth, depending on the dimensions 

* Whiddington, Phil. Mag., 43,1116, 1922. 

t Robinson and Rawlinson, Phil. Mag ■ 28, 277. 1914. 

t Robinson, Proc. Roy . Soc. A, 104, 455, 1923, 
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of that part of T which has been irradiated by X-rays, and the 
distance Si T. 

243. Calculation of the Energy of the Electrons. — By 

adjusting these dimensions the lines can be made fairly sharp. The 
velocity v of those electrons which have been recorded at A can be 
found from the relation 


v = — H. R. .(5) 

me 

where R is the radius of the path described by the electrons having 
the same energy, and II is the strength of the field in absolute units. 
H is measured by the ordinary electrical means of search coil and 
flux-meter. The radius of curvature R is obtained from the 
geometry of the apparatus in the following way. 

After the exposure for recording electrons is finished, a fine 
beam of light is focussed on the slit S 2 through a system of lenses 
fixed to the chamber B vertically above S 2 . This fine beam of light 
leaves a fiducial mark on the photographic plate, so that its position 
with respect to the apparatus is known. It is evident from the figure 
that S x A is the diameter of the circle TSiA, hence 

S X A = 2 R 

In the right-angled triangle S/TA, the distance TA is 

TA«T8 f +S*A .(0) 

The distance S 2 A is the distance of a spectrum line at A from 
the fiducial point S 2 and is measured on a comparator. T8» is the 
horizontal distance between Si and S 2 and is measured by a 
travelling microscope. Denoting these lengths by x and c, we have 

4 R 2 = a 2 +(c J rx) 2 .(7) 

where a <= TSi, or the vertical distance between Si and S 2 . The 
measurement of the plate is made from the centre of the spectrum line. 

From (5) apd (7) the value of v is at once obtained. 

244. Experimental Results.— It was observed by Laub* 
and Dorn that the maximum velocity of the secondary electrons was 
independent of the intensity of the rays, but depended on their 


* Laub, too. cit. 
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hardness. But the mechanism of emission was first clearly elucidated 
by the experiments ot M. De Broglie ( loc . citX 

De Broglie illuminated a Ag-plate with tungsten K-radiation 
and obtained the magnetic spectrum of secondary electrons in an 
apparatus which differs from the one described here in only non- 
essential details. Fig. 23 shows his results. 

It is clear from the 
photograph that the mag¬ 
netic spectrum does not 
consist of a continuous 
band which would 
indicate electrons having 

Fig. 23. Magnetic Spectra of Ag ... Broylit). ^ velocitieg frQm „ _ Q 

to u max but of discrete lines. This shows that a very large pro¬ 
portion of electrons corresponding to any particular line have definite 
and identical velocities. For example—the energies Ej, e 5 , e, ; of the 
electrons giving rise to lines 4, 5 and (i as determined by the 
formula in §243, was found to satisfy exactly the following 


relation :— 

4. 

e < “ 

~ ^ V K of Ag. 


0. 

£5 " *v Ka , 

- //V K ot Ag. 


(i. 

£ci - 

“ //V K of Ag. 


These relations at once give 

us the mechanism 

of secondary 

emission. The 

monochromatic 

X -radiations, Ka i 

and Ka 2 of 

tungsten falling 

on Ag-atoms 

cause the ejection 

of electrons 


from the K-shcll of Ag in accordance with Einstein’s photoelectric 
equation, ?>., as a photon of energy bv vn or falls on any of 

the K-electron in Ag-atorn, the latter absorbs the whole energy; 
a part hv K is spent in releasing the electron from the K-shell, the 

remainder is converted to the kinetic energy of the electron. 

It is clear that the magnetic spectrum apparatus provides us 
with an independent method for determining the energy-levels of 
electrons in all atoms. When a photon of sufficient energy (the 
Ka-line of some element) is allowed to traverse an atom, it will 
release electrons from all levels, and we should have lines in the 
magnetic spectrum having frequencies 

■ v ~ v k, v ~ v l.>v-v L i# V-V L .V-M... etc. 
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These deductions have been verified in the extensive experi¬ 
ments of Robinson* and his co-workers. If the frequency of the 
exciting radiation be too soft for any energy-level, no electron 
will be ejected from that level, but electrons may be ejected from 
outer levels. Thus Ag Ka, v//i= 16327 cannot eject any electron 
from IJ K-shell (v^/IiolU = 8477), but it can release electrons 
from the Li (v Ll /7i = 1003) and all outer shells. 

245. Fluorescent Emission. —In addition to lines which cati 

be interpreted as due to photoelectric effect in the inner layers, De 
Broglicf got other lines for which a different origin had to be found. 
They are shown as 1, 2 and 3 in Fig. 23. De Broglie observed that 

1. £i = v/R of Ag K<*i - y/R of Ag L-level. 

2. £2 = y/R of Ag Kfix — v/R of Ag L-level. 

3. e 3 = v/R of Ag Kp - v/R of Ag M-lcvel. 

These relations afford the key to the origin of the lines. They are 
due to the ejection of electrons from L-levcls of the Ag-atom by 
the K-radiation of Ag. This K-radiation of Ag is however only 
secondary, and it owes its origin to the fact that as the primary 
W Ka,a releases an electron from the K-shell of Ag, another 
electron falls immediately from the L 2) :; or some higher level to 
the K-level, and thus gives rise to fluorescent K-radiation of Ag. But 
this K-radiation, in coming out of the atom, may hit electrons in any 
of the outer L or M-shells, and release them giving rise to a 
secondary group of electrons. This phenomenon is known as inter¬ 
nal conversion . 

246. Investigation of Internal Conversion in Wilson- 
Chamber (Auger-effect).— The internal conversion of fluorescent 
radiation was studied by Augert in the Wilson chamber and 
therefore it is sometimes known after him (Anger effect ). The 
Wilson chamber was filled with kr>pton strongly diluted with 
hydrogen. Monochromatic X-rays possessing energy equal to 
14, 20, 28 and 60 KV were successively passed through the chamber. 
The photographs of the secondary electrons released from krypton 
atoms were taken in the usual way. The fluorescent Ka-line of 


* Robinson and Young, Proc. Roy . Soc. A., 138, 92, 1930. 
+ De Broglie, loo. cAU 

t P. Auger. Ann. de Physique , 6, 234, 1926. 
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krypton has an energy equal to 14 KV and the electron in the 
L r shell has the energy 2 KV, so that when the fluorescent 



Fig, g4(<«). Anger effect In krypton. 

Ka-line of krypton, produced by the primary X-radiation releases 
an electron from the L 9 -shell by internal conversion, the electron 



will have the energy 12 KV. This corresponds to a length of the 
track equal to 12 mm on the original plate and 24 mm. in the 
reproduction. In Fig. 24 (a), we observe the tracks of these electrons 
alone, because the electron released from the K-shell of krypton 
by the incident radiation has very little energy. In the next 
photograph (b) corresponding to 20 kilovolts wc observe the same 
fluorescent electron tracks of same length, but in addition we 
also observe shorter tracks due to release of an electron from the 
K-shell directly (energy“6 KV). Further the two tracks some¬ 
times diverge from the same point as we should expect from the 
mechanism. The same pair of tracks are observed in the Figs. 24(c) 
and (< d ) for 28 and 60 kilovolts respectively. They start from the 
same point and one has the length characteristic of the electron pro¬ 
duced by internal conversion, while the other track due to the electron 




§246a J CALCULATION OF ENERGY LEVELS 487 

released from the K-shell by the primary ray seems to be much 
longer. 



flff. S4(<) 

246a. Calculation of Energy Levels from p-ray Spectrum.— 

It was however found that values of the energy levels obtained 
from the magnetic spectrum of these fluorescent electrons are some- 



' Flg._24 (rf) 

what different from the values as determined by the methods of X-ray 
spectroscopy. This point is illustrated in the following example due 
to Robinson and Oassie.* Mo Ka-line (v/ R =1287*8) was allowed to 
fall on a Cu-target, and the magnetic spectrum of the secondary 
electrons was obtained in the usual way. A number of lines shown in 
table 15 could be interpreted as being due to internal conversion of 
fluorescent Cu K-radiation excited by molybdenum Ka-liue, but the 
energy values of the Cu-levels (column 3) are found to be sensibly 
different from the values obtained by spectroscopic methods (vide 
column 4). 


* Robinson and Cassie, Proc. Roy, Soc . A ., 113, 282, 1927. 
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Table 15. — Lu^-leveh of Cm calculated from internal conversion . 


Line v/R 

Interpretation 

Energy level 
(calculated) 

Actual value 

506 9 

592*8 (v/R of Cu Kctj)—85’9 

.Tji«=85"9 j 

■o 

© 

00 

n 

*-3 

519-3 

j 

»> j> —73*5 

Lt-73-5 

B2j3= a 68*8 

572-4 | 

! 

655*9 (v/R of Cu Kp) — 83*5 

L,—83-5 

j L] =» 80*5 


Thus when the fluorescent Ka-radiation of Cu in passing through 
the extra nuclear electrons releases an electron from the Li-level, it 
requires the energy v/J5=85*9 which is near to, but somewhat greater 
than, the value 80'5 obtained for the Li-level of copper from direct 
absorption experiments. When the fluorescent Kp of Cu in passing 
through electron shells releases the same electron, the energy 
required is found to be v/72=83'5. Similar anomaly is observed in 
the case of electrons released from the L 2 and La-levels. 

But the same authors showed that when the Cu K-radiations 
from an X-ray tube are directly used to irradiate a C^u-plate, the 
energy required to release the electrons from the various shells are 
found to have quite normal values, as shown in the following table : 



Table 16. 



Line v/R 

1 

Interpretation 

Energy level 

j Actual value 

512-3 

592-8 (v/R of Cu Ka,)-8(V5 

L, = 80‘5 

L, =805 

524-3 

-68-5 

Lfc, 3 =68"5 

L 2 ,3 =68*8 

i 


These results were explained by Robinson and Cassie in the 
following way. When a photon of suitable energy is allowed to 
traverse a normal atom, the energy spent for releasing an electron 
from any shell is of course equal to the normal'energy of binding of 
the electron in the shell. But the case is different when a fluorescent 
line, say Ka traverses the shells of extra-nuclear electrons. Now the 
atom is not normal but ionised, as it has already lost one electron 
from the l^-shell. Hence the energy of binding in the Li or the 
L $-shell is increased, because now the external screening due to the 
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Lj-shell diminishes. This explains the results in a general way, 
but a quantitative treatment of the results is still awaited. 

The nature of secondary electron emission being understood in a 
general way, the activity at the present time in this line has turned 
on quantitative experiments. Before giving a description of these 
works, we describe the results of one typical experiment due to 
Robinson on secondary emission from gold when illuminated by 
Ag K-radiation. 

The silver radiation consists of the following lines :— 

Ag Ka! .... v/R - 1632*3, 

Ag Ka 2 - v/R = 1619*6, 

Ag K/3 j_ v/R - 1837*2, 

Ag K/3»_ v/R - 1875*0, 

In the following table is shown the energy of photo-electrons 
ejected by these rays from a gold-plate, and the interpretation of the 
results. 


Table 17.—Primary p -ray spectrum of gold irradiated by 
Ag K-radiation. 


N V Incident 

radiation 

Energy 

absorbed 

Ag Kaj j 
1632-3 | 

Ag Ka 2 
1619-6 

Ag K0i 
1837-2 

Ag Kfo 
1875-0 

L, - 1060 2 

572-1 

577-5 

559-4 

564-1 

777-0 

782-8 



617'9 

605-2 

822-8 

860-6 

862-1 

tr 

to 

11 

H-* 

O 

622-5 

6190 

827‘9 


753-8 

741-1 

958-7 

996-5 

1000-5 

L 3 = 878-5 

755-4 

7436 

9618 


Mi = 252-9 

M 2 = 2351 

1379-4 

13860 

1397-2 

1404-2 

1429-5 

1366-1 

13720 

1416-8 

1634'4 

1707-0 

M s - 202-8 

1434-2 

1421-9 

1637-2 

17140 

M 4 - 169-3 

1463-0 

1472-8 


1667-9 

1676-2 



The figures in italics are the actual values of the energy of the 
electrons as calculated from spectroscopic data, e.g., Ag Kctj -Lj = 
F. 63 
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1632*3 -1060*2 » 5721. The other value (577*5) is the observed 
value. The difference between the two values is small, aud can be 
ascribed to breadth of the lines and other experimental errors. 

The relative intensity of lines in the (3-ray spectrum has been 
studied by Robinson. For this see his original paper (loc. cit .). 

247. Space Distribution of Photo-electrons. —Early workers 
on the phenomena of photo-electricity discovered that when a thin 

metal foil is irradiated by means 
of ultra-violet light, the photo- 
electrons are emitted in all 
possible directions, but there was 
a great preponderance of them in 
the forward than in the backward 
direction with respect to the 
incident rays. Similar observ¬ 
ation was made by Cooksey* in 
the case of photo-electrons 
emitted by matter irradiated by 
X-rays. 

It was found that the space 
distribution of photo-electrons 
depended on the nature of the 
secondary target, the frequency 
of the primary rays and their state of polarisation. According to 
classical theory, the ejected electrons should lie in the plane per¬ 
pendicular to the direction of the rays, because the electric vector 
may be anywhere in this plane when the rays are unpolarised. For 
polarised rays, the electrons should be ejected parallel to the 
electric vector. These rules are generally true, but still it has to 
be explained why the photo-electrons are emitted in other directions 
at all. The space distribution has been chiefly studied by the 
following three methods :— 

(1) Geiger Counter method (Bothe). 

(2) Wilson Cloud Chamber (Kirchner, Bubb, Auger & Perrin, 
and William, Nuttall and Barlow). 

(3) By the P-ray spectrum method (Watson and Akker). 



* Cooksey, PM. Mag., 84, 37, 1918, 
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Out of the above workers, Kirctmer and Bubb used polarised 
X-rays, i.e., X-rays scattered by a paraffin block. In the case of 
polarised X-rays, the lateral distribution is studied, while 
for unpolarised rays longitudinal distribution is studied. In Fig. 
25, OX is the direction of the incident beam, OY is its electric 
vector. If any photo-electron is driven in the direction OP, 
then is the lateral angle and 0 the longitudinal angle. 


248. Experiments and Results.— (1) Longitudinal distribu¬ 
tion: Bathe's* Method. The principle of this method is illustrated in 


Fig. 26. The rays are 
allowed to pass into a 
chamber K filled with 
a gas whose photo¬ 
electric emission is stu¬ 
died. The lower half of 
the chamber contains 
the Geiger counter Z, 
which can be moved on 
a semicircle around the 



Fig. 20. Bothe’a apparatus. 


centre F. The photo-electrons enter through the slit M and are 
received in the counter. By changing the angle 0, the emission in 
different directions can be studied. The curve (Fig. 27) below 
shows his results with CHCls in polar co-ordinates. There is a 



Fig. 27. Asymmetric 
distribution of photo¬ 
electrons in space 
(Bothe). 


marked assymmetry in the position of the direction 
of maximum emission. It does not lie in the direc¬ 
tion of the electric vector. The reason will be 
explained in the next section, but a brief idea may 
be given. The quantum of X-rays gives the elect¬ 
ron a forward impulse equal to hvjc. The space 
distribution follows the sin 3 0-law but with a forward 
component. William and Nuttallf repeated the 
same observation by using a cloud chamber. They 


obtained results similar to Bothers and are illustrated in curve 


Fig. 28. It has been found that the value of this forward 
component depends upon the hardness of incident X-rays and the 
absorption frequency of the shell from which the electron is ejected. 


* Bothe, Zs. f. Phys ., 26, 59, 1924. 
f William and Nuttall, Proe. Roy . Soc. A, 121,611,1928. 
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(2) Lateral distribution.— The lateral distribution of photoelec- 

trons was investigated by 
Kirch ner* and Bubbf by 
the clond chamber 
method using polarised 
X-rays. In the lateral 
distribution no assym- 
metry has been detected. 
The distribution more or 
less follows cos 2 ip-law, 
and it is independent of 
the hardness of primary 
rays as shown in Fig. 20. 

0 30 * 60° 90° 120* 150 * 180° The maximum emission 

1%. 2H. William and Nuttall’s curve. The single curve in thick lies in the plane of 

line is theoretical sin9^-distribution low, and the dotted polarisation. 13 is the 
curve is the experimental curve. It will be seen that the , . . . 

maximum of the experimental curve does not lie at theoretical distribution 
0 = #O°, otherwise it is very similar to the theoretical (cOS 2 l|J-laW Curve) aild A 

Clirv,! - is the experimental curve 

due to Bubb. 

Y 

249. Theoretical Explana¬ 
tion. Auger and Perrin's 
Theory. —Auger and Perrint sug¬ 
gested that when the electrons 
come out from the levels, their 
direction of ejection remains the 
same as the original direction of 
motion round the nuclei at that 
instant but the probability of the 
emission is proportional to cos 2 
where £«POY in Fig. 25 is the 
angle made by the direction of 
ejection with the electric vectors 
of the pritnary rays. In Fig. 25* 

OP ifi the direction of ejection Literal distribution of Photoelootrons. 

and if OP be of unit length it is clear the probability P t of 

* Kirchner, PAms. Zeits* 27, 386, 1926; Ann. d. Phys.. 83, 521, 1927. 
f Bubb, Phys. Rev.. 23,137, 1924. 
t Auger ana Perrin, Jour. de. Physique, 8,98j 1927. 
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emission is given by 

I\ dm = cos* X, dm, 

where dm is the area of element perpendicular to OP. 

Put cos ^ = sin* 0 cos* ^ dm = sin 0 do dty, for tp is the pro¬ 
jection of OP on the plane ZOY, and 

• '! /*2r 

sm* OdOj^ cos* 4 . rty 

1*« <le ^ TiT >2» ““ i sin dO . (8«) 

J^m ’OdB J 0 cos * \p dy 

cos* 4 ) dy)\i n » e de 

and 7Vdt|> = rr-.- - = - cos * 4 ) dty . ( 8 b) 

( * I* n 

J O cos iJj r/xjj J 0 sin.” Odd 

Hence longitudinal space distribution follows the sin * 0 -law, while 
the azimuthal or lateral distribution follows the cos 2 \p-law accord¬ 
ing to Auger and Perrin's theory. Generally the cos ? \p-law is more 
or less true in the case of polarised ray as can be seen from Fig. 29, 
in which A is the experimental curve of Bubb, B is that calculated 
from the equation (8b). 

In the case of longitudinal distribution (Fig. 28), there is a 
marked difference between the experimental and theoretical curves. 
There is a forward component which cannot be explained by Auger's 
theory. Sommerfeld and his co-workers worked out the problem on 
wave-mechanical principles and obtained formulae for distribution 
similar to those of Auger and Perrin. Mention may be made of 
Bubb* and Watson'sf theory in this connection. In order to explain 
the spreading of the photo-electrons, Bubb supposed that the electron 
gets an impulse in the direction of the electric vector, as a forward 
impulse due to the pressure of radiation hv/c which is imposed on 
the momentum due to the motion of the electron round the nucleus 
at the time of ejection. His theory however did not fit in with 
experimental results. 

Watson on the other hand refuses to admit that the initial 
momentum of the electron has anything to do with the space 
distribution. According to him, the electrons are ejected according 
to the classical theory as explained in §247, but due to the scattering 


* Watson, Phys. Bev. , 34, 547, 1929. 
f Bubb, Phil. Mag., 49, 824, 1925. 
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by the nucleus of the parent atom, the distribution is changed. He 
applied Rutherford's theory of nuclear scattering of (3-particles to this 
case, and derived expression for the longitudinal as well as for 
lateral distribution; these agreed with the experimental results. 

He came to this conclusion from his work on the distribution 
of photo-electrons ejected from solids by the (3-ray spectrum method, 
as will be described presently. He found that in the case of a thick 
target there was uniform distribution. As the target was thinned the 
selective emission began to take place, as found by other workers. 

Early in 1912, Richardson* suggested that the forward compo¬ 
nent was due to the fact that the quantum imparted not only its 
energy hv but also its momentum hv/c on the electron in its direction 
of motion. If 0 O be angle made by the 1 direction of maximum emission 
with the direction of X-rays 

* Av / 
cos 0 O « — mv. 

c / 


where r is the velocity of the emitted electron. Thus the forward 
component should depend on the frequency of the primary rays as 
well as on velocity of the emitted electron, which amounts to a 
dependence on the absorption frequency of the level from which the 
electron was ejected. This was found actually to be the case. 

But it was also found that the forward component as given by 
Richardson was smaller than that found experimentally, when the 
frequency of the X-rays was very much larger than absorption 
frequency of the level of the ejected electron. Sommerfeldi* sugges¬ 
ted from wave-mechanical principles, that 


cos 0 o = 

while according to Richardson 
cos 0 C 




= 2(3. 


hv f . mv 2 
y mv = 1 


_L . 1 

mv 2 


ci c 

neglecting the binding energy of the photoelectron. 


* Richardson, Phil Mag., 46, 721, 1912. 

+ Vide Sommcrfeld, Wave Mechanics (1930), (Jhap. 2, p. 184. Sommer- 
feld’s theory gives for the K-electron a distribution 


r . r . , 16 ji k cos 0 n . „ 

Hw) ~L 1 + "X- Zfl J 81n2 ^ 

k^ 


where 


2jc m 


at 


and 


A* 


4 rt 2 fn e* 
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William and Nuttall's* values seem to strengthen Sommerfeld’s 
theory. 

Watson and Akkcr utilised the magnetic spectrum method of 
De Broglie-Robinson to find out the emission in different directions 
of electrons of various velocities. In their first apparatus,f they 
used photographic recording, but as it could not give an accurate 
ratio of the number of electrons of different velocities, they used the 
Geiger-counter instead. Their final apparatus* is briefly described 
below (Fig. 30). 



Kig. 30. Watson and Akker’a apparatus. 

The target T sends out electrons when it is irradiated by X-rays as 


The maximum is found by differentiating the above distribution. We 
thus get 

jt Sjc . k 


Hence the maximum will shift towards forward direction ns the wave¬ 
length decreases. From the above relation after some work we can arrive 
at the form cos 0„=2(i. 

“ d d A&«£ to., 30, 479, 1927; to*. ** 4 

1AO 1QQ 1QOQ 

* j Watson and Akker, Phys. Rev., 37,1687, 1931. 
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shown in Fig* 30. The electrons ejected normally from the 
target are made to pass through slits Si and S 2 by means of a 
magnetic field, and are received in the Geiger-counter W. The 
slit S 3 is for setting the counter by direct photoelectrons from the 
target. The whole apparatus can be rotated about T, so that 0 can 
be varied. The target is an exceedingly thin piece of celluloid over 

which the substance is deposit¬ 
ed by sputtering. For further 
details see original papers. By 
altering the magnetic field 
electrons of different velocities 
can be recorded by the counter. 

Watson and Akker used 
gold as the source of electrons 
and Mo Ka as primary rays. 
The distribution of L,t-elec¬ 
trons with the longitude 0 is 
shown here in Fig. 31. 

The maximum is a little forward of 9 90°, the same as observed 

by others. The dotted line is theoretical curve due to the wave- 
mechanical theory of Sommerfeld and Schur* 

N ~ [ 1 + TST sin ’ 1 ’ + T c « *1 1 + ( 1 + “ r)»»' *1 ] 
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Fig. 81. Curve showing the longltndlnal dis¬ 
tribution of photoelectrons [Watson 
and Akker). 


where II is the mean energy of binding of L 2 ,a electrons. The agree¬ 
ment is marked near the maxima while at other places there is 
variance. 

With their earlier apparatus they found the following facts : 

( 1 ) L 2 and L 3 electrons are emitted more or less uniformly 
than those from the K and L x shells. 

( 2 ) The angle of maximum emission is smaller in the case of the 
L 2 and L 3 electrons than in the case of K and L x . In other words 
the average forward momentum of L* and Ls electrons is greater 
than that of K and L x electrons. 

(3) The distribution of K tod Li electrons are the same as 
those of M x , and that of M 2 and M» the same as L 2 and L 3 
respectively. 

These results are in conformity with wave-mechanical theory. 


* Sommerfeld and Schur, Ann . d. Phys„ 4 , 4Q9,1930. 
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250. Absorption of X-rays: Experimental Methods.*— 

The method of measuring the absorption coefficient of the general 
X-rays has already been given in Chap. VI. It was mentioned there 
that absorption coefficient of X-rays for matter varies rapidly with 
wavelength and so the absorption coefficient of general X-rays tell us 
very little about the mechanism of absorption. For this purpose it 
is necessary to know the laws governing the absorption of mono¬ 
chromatic rays by matter. 

Bragg and Piercef wen*, the first to make a systematic study 
of the absorption coefficient of monochromatic X-rays with 
different substances. A sketch of their apparatus is shown below 
(Fig. 32). 

X-rays from target Tare limited by the slits Si, S 2 and then 
allowed to fall on the spectrograph 
(whose crystal C is only shown). 

After reflexion the rays enter the 
ionisation chamber I, so that their 
intensity is measured when the 
crystal is set at the proper angle. 

The crystal allows only monochro¬ 
matic rays to enter the ionisation 
chamber. The absorbing material 

. . Fig. 82. liragg and Fierce’s apparatus. 

is inserted at A, and the intensity 

is again measured. The experiment is repeated by keeping the 
screen at B (in the path of the ray after reflexion). The mean of the 
intensities with screen at A and at B positions gives us a measure of 
the absorption. The mass absorption coefficient is calculated from 
the equation 

/-V'*, 



where /<> suid I have the usual meanings and d is the thickness of the 
screen. 

The intensity of X-rays must not vary during the time of 
exposure. The thickness of the screen must be uniform. (For 
other details see Kirchner’s Handbvch der Exp. physik, 24, 
p. 219). The rays entering the ionisation chamber may contain 


* A good survey of the experimental work on this subject wdl be 
found in Kircbner, B. d. Exp. physik , 24/1, Chap. 5, 1930. 

•f Bragg and fierce, Phil. Map., 28, 626, 1914, 

F. fill 
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fluorescent and scattered X-rays from the absorber, as well as scattered 
rays from the crystal. Further, the absorption coefficient of the 
crystal is different for different wavelengths. Some of these disturb¬ 
ing factors can be eliminated by placing the absorber in different 
positions and using narrow slits. Siegbahn and WingardhV arrange¬ 
ment may be consulted for these details. 

The mass absorption coefficient is not however the true photo¬ 
electric absorption. It includes the photo-electric absorption 
coefficient T, as well as absorption tine to scattering a. Thus 

p/p = x/p + o/p 

a/p is the mass scattering coefficient, as found out in Chap. VI, § 113. 
o is generally small compared to T in the case of rays of long wave¬ 
lengths and elements of larger atomic number Z, and so in such cases 
it is generally neglected. In the case of hard X-rays however this 
cannot be done, for r and o are now of the same order of dimensions. 

251. Study of Absorption in Long Wave-length Region.— 

Jonssonf worked in the region from 7 A to 11A and obtained very 
interesting results. ITis apparatus was of the usual Siegbahn type, 
and so he used photographic recording. The apparatus was enclosed 
in a vacuum chamber, and the crystal was rocked by a motor housed 
inside the chamber. The X-ray tube was of special design which 
enabled him to use the characteristic lines of many different sub¬ 
stances as primary rays. 

His original paper may be consulted for these details. For 7A. 
he used Mo Ka-ra.ys. For works in the long wavelength region he 
used Na Ka (X 11*8A). For the intermediate wavelengths he used 
about 21 substances one after the other in his anticathode. The 
design of his apparatus was such as to allow him do all these 
operations quickly. 

The reflected beam was allowed to fall on the photographic 
plate in such a way that its upper part passed through the absorber 
while the lower part did not. Consequently in a single exposure the 
intensity of the spectrum line could be recorded, both with and 
without the absorber in the path. The photographic plate was then 

r : 8 ! e ^ ahn and Win £ ardh > Phys. Zeits ., 21, 83, 1920; Witigardh, IMss, 
Lund., 1923. 

f Jonsson, Diss. Uppsala, 192^. 
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microphotographcd, and I// 0 was very easily calculated. The rest 
of the procedure is as usual. 

It must be noted that the blackening of a photographic plate depends 
not only upon the intensity of rays, but also on the time of exposure. 
Schwarzschild gave the following relation connecting the blackening, 
intensity and time of exposure : 

where S is the measured blackening, 1 is the intensity of X-rays, i the 
time of exposure and p is a constant which depends upon the particular 
variety of plate used. 

In order to measure the intensity more correctly, Jonsson* 
devised an arrangement of sectors which allowed the unabsorbed 
rays to be recorded on the plate for 
different lengths of time. ABCD 
is the photographic plate. The arrange¬ 
ment of sectors is shown in Fig. 33. 

On account of the peculiar forms of 
the sectors, as they rotate, different 
parts of the spectral line are exposed 
for different lengths of time, a bed is 
the spectrum line, in which e is the 
part not absorbed by the absorber, d 
the part which has passed through the 
absorber, #, b, c are those parts of the 
spectrum line which have been exposed for various durations by 
the sectors. 

From a study of the blackening with different lengths of 
time, the blackening due to intensity alone can be estimated. 

252. Review of Experimental Results. —We shall now 
make a general survey of the experimental results. We shall first 
discuss how for a definite substance, the absorption coefficient varies 
with the wavelength. We take the case of Pt. The absorption 
coefficients of Pt from A = *08 A. units to 9‘8 A. units arc shown in 
the following table. When we plot \jl a and \xjp against X, we get 
the curves shown in Fig. 34. 



* Jdnsson, Diss. Uppsala , p. 12,1928. 
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Table IS.—Absorption coefficient for Pt. 


Pt. Z — 78. 


K 

0081 

0'09 

0 10 

O'15 

0-20 

030 

0-40 

050 

o 

ob 

o 

0631 

p 

o 

0709 

o 

00 

o 


2*50 

2*95 

37 

7-8 

4*2 

11-5 

24*5 

45 5 

75*2 

87 0 

107 

119 

150 


1< ~ “ ' . L 


090 

1*0 

ro9 

t-104 

ri7 

1-293 

1-389 

1*433 

1-529 

1-656 

1-752 

1-787 

1-934 

169 

164 

87 

81 

_ : 

no 

135 

152 

173 

206 

to 

00 

280 

291 

354 


L/J L 2 1^3 


2-00 

2-50 

2-74 

302 

1 

3-35 j 3-59 

4-14 

539 

6973 

8-319 

9-868 

408 

596 

_1 

756 

! 

939 

1120* 1370 

1290 

1640 

1190 

1530 

2440 


Mi 


The curve shows that ji is very small for very hard rays, and 
gradually rises as the wavelength is increased. A peak value is 
reached at the point K after which absorption drops to a fraction of 



Flff* 84. Absorption coefficient of Pt for different waTelengthft. 


the peak-value. This absorption discontinuity occurs at X «** 0T5 A. 
units, and this is the same as the K-absorption edge of Pt mentioned on 
p. 439. For when general X-rays pass through Pt and fall on a photo¬ 
graphic plate, the rays on the shorter wavelength side of the K-edge 
will be strongly absorbed, whereas those on ?.the longer side will be 
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transmitted more copiously, giving rise on the photographic plate to 
a discontinuity explained on p. 439. 

After we pass the K-discontinuity, p gradually rises till we come 
to three further discontinuities lying close together. These are the 
Li, L 2 and L 3 -absorption edges. 


253. Variation of p with Wavelength X, and Atomic 
Number Z of the Absorber.—The act of absorption consists in 


the photo-electric ejec¬ 
tion of the electrons 
composing the atoms, 
when the frequency of 
incident rays is suffi¬ 
ciently large. If v > v K » 
X-rays can release 
electrons from all 

levels from the K 
downwards. But 
when the frequency 
of X-rays falls just 

below v K> the K- 
electrons can no 

longer be ejected. 
The act of photo¬ 
electric ejection is 

now confined to the 
outer shells. Hence 
there is a sudden 



Fig. The M-absorption diseoutinultie of l’t. 


jump in the value of the absorption coefficient at the K-limit, as 
shown in Fig. 34. 

The frequency corresponding to the K-discontinuity is known as 
the K-absorption frequency, and the potential obtained from the 
equation eV^hv^ is known as the K-ionisation potential. 

The Li, L 2 , L 3 and other further discontinuities can be 
explained in the same way. 

Fig. 35 shows the absorption curve of Pt up to 10 A 
units. The five M-absorption discontinuities can be easily 
distinguished in it. These curves give some idea of the variation 
of t/p with X. We have besides to find how p varies with Z, the 
atomic number of the absorber. 




502 X-RAY SPECTRA OF ELEMENTS [XI 

For obtaining information on this point we consider the curve 
in Fig. 36 which shows the variation of |i with Z for a wavelength 
of 1 A unit. 



Fig. SO. Absorption coefficient for different elements (X = i A. U.). 

We observe that there is a strong K-absorption up to 34, 
after which the pulse of wavelength 1 A. unit becomes too soft to 
eject any electron from the K-shell. It should further be noticed 
that the (X, p)-curve is less steeper than the (Z, p)-curve. 

254. Absorption Filters.—It was early recognised that if 
a beam of X-rays is passed through thin sheets of matter (say 
aluminium) then not only was the beam absorbed but its spectral 
composition also changed. In other words, the transmitted beam 
contained more of harder rays. The reason, of course, is quite 
clear from the foregoing sections. The absorption coefficient varies 
as the third power of the wavelength (not near the absorption edge), 
and so the softer components arc absorbed to a much greater extent 
than the harder ones. This fact has been utilised in separating harder 
components from softer components in a beam of general X-rays, 
iu short as a method for monochromatising the rays to some extent. 
The absorbing sheet of matter is known as the absorption filter . 

There are two methods for studying the phenomenon :— 

(1) in which the softer rays are cut down ; 

(2) in which the harder rays are cut down. 

The first method has already been given in outline, and the 
second method depends upon the fact that at the absorption 
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discontinuity of a substance the absorption coefficient suddenly 
increases. 


The First Method 

In the table below, the half-value thickness in mm. are given 
for different wavelengths of some substances. Half-value thickness 
means that thickness of the absorber which will cut down the 
intensity of the primary rays to half their value. If \i\ is the absorp¬ 
tion coefficient of a substance for a wavelength X, then the lmlf- 
valuc thickness 


d =» — lu 7 

J 


hi 2 

Hx 


(9) 


Table 19. — Half-value thickness* in mm. 


x (A. D.) 

o-i | 

02 

0*4 j 

i 

00 

0-8 

10 

1’5 

2 0 

Air 

! 

. 


7200 

3500 

1950 

090 

330 

Water 

40 j 

33 

19'2 ■ 

9-G 

4 8 

25 

079 

034 

C0 2 

21 ' 

17-5 

12-5 

7 6 

43 

24 

82 

036 

A1 

15 

9'8 

2-4 

0-79 

0-35 

018 

0056 

0024 

Cu 

... 

0-51 

(r078 

0 025 

o-oii 

00055 

... 

... 


An inspection of the table will show that for A1 the half¬ 
value thickness for a wavelength ’4 A units is 2*4 mm. while for 
’6 A. units it is 79 mm. So if a filter of aluminium 2*4 mm. in 
thickness is used, it will cut down the intensity of the *4 A unit 
rays to one-half of their value, but that of *6 A units rays to ith. 
For this can be calculated readily as shown below. 

* - 7 w ~ d .< 10) 

Putting x =» 2*4 mm., d = 0*79, 1JI comes out to be 8. By 
maintaining the voltage across the X-ray tube; to a value such that 
the short wave limit is near *3 A. units, an aluminium filter of 
2*4 mm. thickness will allow the spectral region between *3 to *4 A. 


* A ( l°pted from Siegbahn's Spekiroskopie der Ronigenstrahlen , p. 469, 
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units to pass, and the softer parts will be mostly absorbed, only 
a negligible quantity of them will be present in the beam. 

The same purpose will be served by using smaller thickness of 
heavier metals, but aluminium is generally chosen because of 
its advantageous mechanical properties, and because it does not give 
rise to fluorescent rays in the harder regions, nor does it contain any 
absorption discontinuities. 

The Second Method (Selective Filtering) 

In many applications of X-rays it becomes necessary to remove 
harder lines of characteristic rays. For example, in powder photo¬ 
graphy, out of the Ka and Kp of the primary rays, the Kp rays have 
to be removed. If we select a substance whose K-discontinuity 
occurs somewhere between Ka and Kp, then a filter of that sub¬ 
stance of suitable thickness will absorb Kp completely, and Ka only 
slightly. In the table below, selective filters for separating the Ka 
and Kp lines of various substances are given. 


Table 20.—Selective filters for catting out Kp and separating Ka-rays. 


Element 

Or 

Mn 

i 

Fe 

Ni 

Cu 

Zu 

Mo 

Rh 

pa 

Ag 

W 

Pt 

XKa in A. 

units 

229 

2-10 

1*93 

1-66 

1-54 

1-43 

0709 

0'614 

0-586 

0560 

0-211 

0188 

Selective 

Filter 

V 

Or 

Mn 

CO 

Ni 

Cu 

Zr 

Ru 

Ru 

Rh 

Rh 

IM 

Yb 

Hf 

. 

W 

Os 


The selective filter is of the material >whose atomic number is 
one less than that of the element whose K p rays are to be filtered 
out. Similar tables can be made for the L-absorption discontinuities. 
The thickness of the filter is adjusted by experience. If the filter 
exists in the powder form it is pressed against a paper by means of 
gum.* 


255. Mathematical Relationship between Absorption 
Coefficient, Wavelength and Atomic Number (t, X, Z ).—We 
shall now deal with the quantitative relation between the absorption 


iooo* F £ r f - *T tter of - filt S ring see Boss, Joum. Opt. Soc., 16, 433, 

1928; Kiistaer, Zs. f. Phys., 71, 324, 1931. 
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coefficient, the wavelength and the atomic number of the absorber, 
with the aid of data obtained as a result of the experiments 
described in the previous section. Early workers gave various 
empirical mathematical formula? for expressing the true absorption 
x/p as a function of Z and X. Most of these formula* are of tin¬ 
type 

t/p = rz n k m .( 11 ) 

where Cisa constant, v was generally taken to lie between 3 and 
4, and in between 2‘5 and 3. But all these formula; had only limited 
applicability. A few of these formulae arc described below: 

Bragg and Pierce*.= CZ* X 5/2 

for Z -- 13 to 7!), X ="49 to *01 A. units. 

Hull and Rice f.p/’p = OX" 

where C — 430 for PI), 150 for Cu, 14'9 for Al. 

Glocker £. p = ‘0004 Z'" 11 X 2 ' 8 , for X > X R 

= 0195 Z 2 ' &B X 2 ' 8 , for X < X K 

Richtmeyer 1! . x/p—' 0136. X :! , for X < X K 

X/p = ‘000529 ^-’x : ', for X > X K 

Attention should be drawn to the point that T denotes the real 
photoelectricabsorption, and is equal to \i~ o, where pis the absorp¬ 
tion coefficient and a is the scattering coefficient. 

From theoretical considerations we find that the total absorption 
will be a composite quantity made up of the absorption values cor¬ 
responding to the ejection of photoelectrons from different shells. 
We can therefore write 

X = T k + ti,, + X t , „4‘T Li +.(12) 


* W. H. Bragg and S. E. Pierce, Phil. Mag., 28, 026, 1914. 
f A. W. Hull and M. Rice, Phys. Rev., 8, 326, 1916. 
t Glocker, Phys. Zeits., 19, 66, 1918. 

ii F. K. Richtmyer, Phys. Rev., 18, 13; 1921, 27, 1, 1926 ; 30, 760, 1927. 
For other empirical formula; proposed by Siegbahn, Kosscl, Owen, 
Hewlett, Duane and Mnzumder, Wingardb, Allen (J hys. Rev., 28,907,19-6) 
and others see Kirchner, he. cit., pp. 238—243, 


F. 64 
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where T K , X tj , t [i2 .are absorption coefficients due to ejection 

of photoelectrons from K, Lj, L.,and other levels. Now wc can write 


/ . m. 

X K /p = C K X .for \ — 0 to l — X K 

“ 0.for a > A. k 

t L| /p — .... for A = 0 to K = X L| 

“ 0.for "k > fc, 

and so on for T h Jp, x h Jp, x M| /p,-etc., with m", m'", .etc., 

as the powers of l. 
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So that the equation (12) enn now be written as 

t/p = C K X 4-6',., X m +. (13) 


The equation holds good from X = 0 to X = X K . For wavelengths^ X K 
but<?w Lt , the first term is to be omitted. 

Regarding the power of X for different levels, Jonssonf obtained 
results of great value which show that this index is almost the same 
for all the levels. For illustrating this point we show the curve 
which represents relation between log t/p and log X in Fig. 37. 

We find that the curve consists of a sci of parallel straight 
lines limited between the discontinuities (X K] , X h .). Since expe¬ 

riment proves that the straight lines are strictly parallel to each other, 
it is clear that the index has got the same value for each part of the 
curve. Jonsson found it equal to 3 in all cases, which is also in accord 
with the quantum theories of absorption treated later. We can 
therefore put 

t/p ~(C K + C L[ + +. )V for 0 < X < X K \ 

and t/p — (C Ll + C ltn + +. )X ,) for X K < X < A. L| j ^ ^ 

and so ou. 


256. The Absorption Jumps. —The value of the ratio between 
absorption coefficients immediately preceding and following any 
absorption discontinuity may be denoted by the term absorption 
jump 8. To make the designation more definite we may add 
suitable subscripts to it, e.g. % 8 KLl , 8 LlJ , 2 ....etc. Thus it has been 

found for Pt that 5 KL) ~ b O, 8 L)ljf , ~ 1*4. When the values of 

these absorption jumps are known, they enable us to determine the 
relation between the constants C’s in formula (14). 1 hus wc have 


S KL, 


(Cjt+ ^Li + +__• • -J K 

(C^Li .) 


c K + 

C hl + Ch 2 + — 


(15) 


* We are neglecting the probability of the simultaneous ejection of 
two electrons from the same or different orbits by the same quantum. 
Probability for such transitions, if they exist at all, is extremely small 
compared to that of the ejection of a single electron. 

+ Jonsson, Diss. Uppsala p, 72, 1928. 
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Similarly 


It is to be seen that the absorption jumps 5’s are independent of 
the wavelength X. It has been found {vide table 21) that 6 k is large 
for light elements and gradually drops to smaller value for heavy 
elements. As for example, for A1 8 KI<1 -•= 13'3, and falls to the value 
5‘4 for Pb. A full set of values is given in table 21. 

From expression (10) we further obtain that 

Ck r 

8 k»o" 1 " C Ll + C K + . fl7) 

The absorption equations can now be written in the forms : 


- 8k| o r, lit 

XIP—' * -i ('KK 

°KL, A 

for 0 < X < Xk 

. (18) 

t/p= s - , C’k X 1 
8 kl, 1 

for X K < X < X L , . 

• • (19) 


Thus the coefficient of X :! in the first case is 6 times that in the 
second case. Similar results can be obtained for the other dis¬ 
continuities. This point is well illustrated in Fig. 37. For if we 
take logarithm of formula' (18) and (19) we obtain 

T ( ' K 

log — = log t -r+ h)g 6 K l, + 3 log X (0< X < l K ) 

P °KI,| ~ 1 

T 

log — == log-g—+3 log X (X K < X <X Ll ) 

Thus the vertical distance between the successive parallel steps 
in Fig. 37 is equal to log S KL , As the 5’s are independent of X and 
only depend on Cs, we can find the total L-discontinuity 8 L|M| 
This is given by 

“ &L11V 8i. 3 mi 

In the case of Ag, 6 LlM , - 1*25X1*47 X 317 - 5’8. 
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c,„ +c fJ5 +C L , . 

5,^- ~+C Lt +...." 

a, + CL, + c mi + • • • 

C h3 ± Cm, +- 

0 Jl3 + C’ M , + Cm., + • ■ • 

C M , + C’ M „ +- ) 


t xt 


8l s l, 
8j> 3 Mi ‘ 


. (16) 
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257. Jonsson’s Universal Absorption Curve.— Jonsson 
showed that if the ordinates of the KLi-branch of the absorption 
curve be multiplied by Ski^ the new curve will be a continuation of 
the absorption curve for 0 <X<Xr. In the same way if the ordinates 
of the LiL 2 -branch of the absorption curve be multiplied by 

we get a continuation of the curve in the region hi this way 

he obtained what is known as the universal absorption curve, for a 
particular element. 

This result is illustrated by the straight extension of the KLj 
branch of the curve in Fig. 37. 

258. The Value of Absorption Jumps. —Jonsson further 
showed that the absorption jump at the K-limit is approximately 
given by 

5k l , =* v k /v Li 

where v R and v f represent the K and L-absorption frequencies. 

The truth of this empirical law is illustrated in the following table, 
in which the 8-values are shown for different dements. 


Table 21 .— Values of 8 for different elements *. 










Element 

6 kl, 

V K /V,„ 

5-1 

5 ' 

Element 

8 ki„ 

VK / V L, 

(5-l)/5 

13 Al 

12 G 

13*3 

•92 

4? Ag 

6 65 § 

6*7 

•85 

26 Fe 

92 

8'5 

*89 

50 Sn 

6*56 § ! 

65 

•85 

28 Ni 

83 

83 

•88 

54 Xe 

fv6 t 

63 

‘84 

29 Ou 

8'2 

8-2 

‘88 

74 W 

5-658 

5-7 

•83 

30 Zn 

7Ti 

82 

‘88 

78 Pt 

6-0 II 

o'b 

*82 

36 Kr 

61 f 

76 

*87 

79 Au 

5-65§ 

5*6 

•82 

42 Mo 

70 

69 

*86 

82 Pb 

5-4 § 

5‘5 

*82 

46 Pd 

6'8 

6'8 

•85 

i 






We have 


8klj 


vk 

v l, 


(z-s 2 y 


+»+ 


2T 


. . ( 20 ) 


* Adopted from Kichner, loc. eit., p. 2i>6. 

f P. Auger, Ann.de Phys, 6,224,1926. . in - , 0 ^ 

t E.C. Stoner and L. A. Martin, Proa. Hoy. boo. A, 107, 31-, U-J. 

f I! ALMen^loefwVrhe other data in table 21 are due to JSnsson, 
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so that the smaller the Z , the larger will be the value of 6. This 
explains why 8 km has a l ar £ e va * uc f° r hght elements and gradually 
diminishes for heavy elements. For the other discontinuities similar 
results, though not very satisfactory, have been obtained. In the 
case of L-discontinuities, Backhurst* showed that 


and so on. The 8-values for ^discontinuities are given in the tabic 
below. 

Table 22. 


Elements 

®L,L. 

1 s, , 

1 

1 


5 . M 
!<|M| 


47 Ag 

125 

! 1-47 

3*17 

5*8 

*20 

78 Pt 

1*4 

1*8 

2‘8 

7*1 

*29 

79 Au 

1*2 

i 

1*4 

2*5 

4‘2 

•17 


As true absorption is due to emission of photoelectrons, a know¬ 
ledge of the true absorption coefficient T gives us immediate informa¬ 
tion regarding the number of photoelectrons emitted by the passage 
of X-rays through matter. The number n of photoelectrons which 
are emitted per atom by the passage of rays of unit intensity through 
a distance of 1 cm. is given by 


u ~ — 


T At 

hv 


( 21 ) 


In this expression, we are considering the total true absorption and 
therefore total photo-emission from all the Jevels. But we can now 
separate the total absorption into individual part absorptions, and 
find out a relation between absorption jumps and the number of 
photoelectrons emitted from each level. It can be shown that (21) 
can be rewritten as 


t k + t m + +•••*=» hv ». (n % + n hl + n Lz .. )hv\ 


and t Li + x Jit + .= n f hv = (n h 


for X just < X K I 

+ »l # *v j 

for X just > XkJ 


>( 22 ) 


♦Bacbhurst, Phil, Mag., 7, 353, 1929. 
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where n K is the number of photoelectrons released from the K-level, 
the number released from the Li level etc. ... Hence we 
have with the aid of (22) 

S KI. - 1 _ ,l K _ _ == V K_ -. V '. <Qo\ 

&KL "k + Mj,, + //, Jv + ., v K ’ 

The last terms form Jonssou’s empirical law, and we have similar 
relations for other discontinuities. These relations enable us to find 
out the relative number of electrons ejected from the different shells 
of any element. In the table below we illustrate the ease of Pt. 


Table 23.—Relative number of electrons in different shells. (13 74). 


V K _ 5 
-o K[ 

v n, 

_”k_! 

«K + 1 '\. + 11 M + 

1 

IV, 

V M 

H i, 

+ « M +» 0 

__ 

8 m 

" m h n~+”o 

5-6 

•82 

4*22 

•7G 

4-01 '78 

1 


Thus of the total number of ejected electrons 
82% 

(100 - 82) X 76 = 14% 

(100-82 — 14) X*78 — 3 % 
(100-82-14-3) = 1% 


are K-electrons 
are L- „ 
are M- „ 
are N+0 „ 


Hence ii k i ti\ t : Wm • ^ (y-fo) ~ 82: 14: 3: 1 

In an atom of Pt (Z=78), we know that there are 


2...K, 8 ■ L, 18...M, 50... (N + O) electrons. 

So the relative ionisability of the electrons (or the probabi¬ 
lity of emission) are 


*' K : 


n ', 


n' M : »' 


(N+O) 


« 2000 : 88: 8: l 


259. Dependence of t/p upon Z. —It has already been 
mentioned that C the constant in the equation (14) involves some 
power of Z. Early workers put 

C-Ci Z\ 

but later it was found that the fourth power law did not represent 
the observed facts correctly. Some of these laws have been given 
already on p. 505. These empirical laws involving fractional powers 
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of Z, do not probably represent any great advance. In fact Jonsson 
showed that if the quantity 




be plotted against log (Z\\ where A = atomic weight and L = Loschi- 
midt number, the curve is a straight line, from which he deduced, as 
can be easily verified, that 

C = O t Z i 

This is known as Jonsson’s universal absorption curve and is 
illustrated in Fig. 38. With its aid the true absorption t/p for any 



element Z corresponding to any wavelength X can be at once read out. 
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260. Theories of Absorption. —Though a rigorous theoretical 
treatment of the problem of absorption is outside the scope of this 
book, we shall give a short account of the preliminary work of J. J. 
Thomson * and L. De Broglie which may serve as an introduction 
to the more detailed works of Kramers who used the orbital theory, 
or to the more recent works of Sommcrfeld, Wentzel and Stobbe who 
used wave-mechanics. 

Before considering these theories the reader should see that the 
atomic absorption coefficient (/>., absorption per atom) is 


*At - 


j-i A 
pL 


It has the dimensions of an ‘area\ for the dimension of \i is [LI -1 , 
p.r being a fraction, and A/p ^ volume ----- |L|'\ L, the Loschmidt- 
Avogadro number is dimensionless. 


J. J. Thomson’s Throuy. 

We give a short account of J. J. Thomson’s classical theory 
which was the starting point of later works. This theory may be 
read in conjunction with his theory of X-ray scattering (§113) with 
which it has many points in common. 

When a beam of X-rays, or radiation of any kind passes over 
matter, then according to the electromagnetic theory, an alternating 
e. in. f., acts on it for a short time, and sets the electrons in motion. 
The work so done may be said to be abstracted from the energy 
of the primary radiation. The process can be mathematically 
treated as follows. 

The acceleration f imparted to Ihe electron is Eejm where 
K ~ e. m. f. due to the light. 

The total displacement of the electron 



where d ~ length of the pulse. 


* J. J. Thomson, Conduction of Electricity through Gases (ed. 2), p. 326. 
t L. De Broglie, Ann. d. Physique, 3, 33, 1922. 

For an account of pre-wave-niechanics theories, see Compton’s 
X-rays and Electrons, Chapter XII nml original papers of Kramers, (l k%L 

Mag., 46, 830, 1923.) ... or 

For wave-mechanical theories, see Bethe, //. d. / 24, 47o-8o, or 

the original papers amongst which the following may be selected : b tonne, 
Ann. d. Phys 7, 661, 1930; Wentzel, Zs. f Phys 38, 518, 19-6. 

F. 65 
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Let us suppose that the restoring force is 


F = - 4 jt 2 m vf } x 


Hence the work done — - IF. dr — 2 


2 K*d { 


This is equal to X c . e, where e is the total energy of the incident 
pulse, and % e is the fraction absorbed by a single electron. 

Now the quantity K 2 can be expressed in terms of energy 
density of the pulse from the relation that the total energy of 
the pulse 

e = * {IC 2 -I- //*)2rf- J f 2d 
8jt 4jt 

Hence X e the coefficient of absorption due to a single electron is 


Here we have introduced a hypothetical quantity d , the length 
of the pulse. If we take 2d — A, we obtain 

'■—t? • ”i.»> 


Hence absorption in the K-shcll is given by 

. jc’X 3 „ 


t k -~- --r Ar .(26) 

K nur 2X* lv v 

where N K is the number of electrons in the K-shell. 

It is easy to see that T K has the dimensions of area, because 


3 me* 
so that 


the classical radius of the electron 1*9 X 10“ 18 cm. 


= 2*8 X cms. 


and jt 8 X 3 N k /2a.j. has the dimension of length. 

In order to express % in terms of Z the atomic number of the 
absorber, we use the usual Bohr-Mosely form of frequency of 
the K-electrons 

2k *e 4 mZ* 1 





II 

* 

w 

n 

k • 

X 3 



2k 7 

e l >_ 


( K “* 

h'\ 

'■'"k 


2 and 

»K 

“ 1, 

we 
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in (26). This gives us 


whore 


get f T K v 2X 10" 2 . 
Eqn. (27) is of the form obtained experimentally. 

ii. Do Broglie* obtained formula? in substantial agreement 
with the above, though his methods were different. His formula was 

%•)-• • •}•••«» 
LlcreX represents the total photo-electric absorption by K, L, . . . 
electrons, and, the factors r) represent the connection between the 
hypothetical quantity which is called the length of the pulse, and 
the wavelength. 


261. Fluorescent X-rays. —The discovery of the phenomenon 
of fluorescence in X-rays by Barkla has already been mentioned in 
§ 109. It was early found that the fluorescent rays are characteristic 
of their radiated matter, and in order to excite them, the exciting 
radiation must be of a higher frequency than the fluorescent 
radiation. The emission of fluorescent radiation is in fact closely 
related to absorption of X-rays. When a beam of primary X-rays 
of energy just greater than the K-absorption energy of an element 
falls on it, the K-elcetron of the atom is ejected by photoelectric 
absorption, and an electron from some higher shell falls back to 
the vacant K-shell, and K-fluorescent radiation is emitted. This 
method of fluorescent excitation was largely used to obtain the cha¬ 
racteristic X-rays before the development of crystal spectroscopy. 
But its chief use at present consists in obtaining a strong beam of 
monochromatic X-rays (Kustnert),and also in chemical analysis (§l4fl). 

From the theories of X-ray absorption described in the previous 
section it is clear that for every quantum of radiation absorbed by 
matter, there should be emitted a corresponding quantum of fluorescent 
radiation. But in reality, an exact proportionality is never found. 
The tot<d intensity of fluorescent radiation is always found to be 
less than that of the exciting radiation. This is certainly due to the 


* I)e Broglie, toe. tit. 
f Kustner, Zs. f. Phys., 70. 324, 1931. 
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internal absorption of fluorescent rays (Auger processes) which is 
rather strong in the case of light elements. We thus come to the 
interesting question of efficiency of the production of fluorescent 
radiation. This may be defined as 

O-K = N k /h k 

for the K-emission, where A r K =-- the number of K-quanta emitted 
as fluorescent radiation and n K =■= the number of K-quanta absorbed 
by the radiator. N K can be determined experimentally by measur¬ 
ing the intensity of fluorescent radiation, and n K from absorption 

experiments with the aid of relation (23) on p. 511. 

Two methods are employed for determining the efficiency of 
fluorescence. In the first, the cloud-chamber method of studying 
the photoelectric absorption (§240) is used and the number of single 
and double tracks are counted. If s — the number of single tracks, 
then .s’ corresponds to the number of processes in which fluorescent 
rays have been emitted without being internally absorbed. If again 
(‘ — the number of double tracks, it denotes that the total number 
of photoelectrons emitted is s+c. Hence we have 

5 

T 

s + r 

This method has been developed by Auger, and later on by Locher 
and applied in cases of Xe, Ne, O and Kr. Their results are shown 
in the table on the next page. 

In the second method the intensity of the fluorescent radiation 
is directly measured with the aid of an ionisation chamber. It can 
be shown* that if /, A , p, t K , X denote respectively the intensity, 

cross-section, total absorption coefficient, K-photoelcctric absorp¬ 
tion coefficient and wavelength of the primary beam of X-rays, 
and I', p', V arc the corresponding quantities for the fluorescent 
beam, then 

rt fcjV V 

K A ’ x K ‘ V J 

where r is the distance of the aperture of the ionisation chamber 
from the radiator, i'// is equal to the ratio of the ionisation cur¬ 
rents due to the fluorescent rays and the primary rays. This being 

* For the proof of this relation see Compton’s paper (supra). 
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measured, a Kj can be calculated. This method was used by Compton 
and Martin. Various corrections are however necessary on account 
of the non-homogeneity of the fluorescent radiation, and the photo¬ 
electric absorptions taking place in the ionisation chamber. For 
details see original papers.* 

The results of the experiments of Locher, Auger, Compton, 
Martin and others are shown in the following table in which the 


Table 24.—Efficiency of production of K-fluorescent radiation of 

elements. 


Element 

| 

Observer 

Method 

K-efiiciency in % 

8 0 

Locher 

Cloud chamber 

8*2 

10 Ne 


i> 

8*8 

18 A 


ii 

14*9 

18 A 

Auger 


7 (?) 

26 Fc 

Harms 

Ionisation 

282 

26 Fe 

ri 

ii 

29 

27 Co 

Berkey ! 


88 

28 Ni 

Martin 

n 

37 

28 m 

Compton 

V 

j« 

29 Cu 

Harms 

11 

37-8 

29 Cu 

Martin 

11 

40 

30 Zn 

Harms 

« 

408 

30 Zn 

Martin 

1» 

46 

33 As 

Berkey 


58 

34 Se 

Compton 

1 

11 

51 

34 Re 

Harms 

„ 

51 7 

34 Se 

Martin 

11 

59 

35 Br 

Compton 


56 

35 Br 

Martin 

11 

59 

36 Kr 

Auger 

„ 

50 

38 Sr 

Harms 

„ 

61 '5 

42 Mo 

Compton 

11 

68 

47 Ag 

Berkey 

,, 

72 

48 Cd 

ft 

1) 

70 

50 Sn 

tt 

11 

66 

51 Sb 

n 

11 

64 

52 To 

i» 

>1 

59 

53 I 

Martin 

11 

75 

54 Xe 

Auger 

Cloud chamber 

71 


* The following works may be consulted 

Auger, Comp, fiend., 182 , 1215, 1928; Locher, Phys. Rev., 40 , 482, 
1932; Compton, Phil.. Mag., 8, 961, 1929; Martin (Voc /to? /.Soc. A, 
115 420, 192?; Stephenson, Phys. Ilev., 43 , 527, 1933 ; Harms, 
Ann. d. Phys., 82 , 87, 1926; Berkey, Phys. Rev., 54 , 437, 1934. 
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fourth column gives the efficiency of K-fluorescent emission. It 
will be seen that generally the efficiency increases with atomic 
number of the radiator, and for the lighter elements like A1 it is even 
non-existent. This is attributed to Auger processes taking place 
as explained already. Recent experiment of Bcrkey however shows 
that for elements heavier than 42 Mo the K-fhiorcscent yield 
decreases. The reason for this is not understood, as there is no 
satisfactory theory of this phenomenon at present. An wave 
mechanical theory of fluorescence has been given by Wentzcl.* 
But it does not account for the above discrepancy. All the 
experiments however verify the remarkable fact that the efficiency 
is independent of wavelength of the primary rays, provided that it 
is shorter than the corresponding absorption limit. 


Books Ilccom mended. 

1. M. Siegbalm, Sjfcktroskopie der Bihdgcmlrahlcn (19)51). 

2. A. Limlh, //. d. Experimental physik (19)10). 

3. V. Kirchner, II. d, Experimental physik, 24/1, 1 , 1930. 

4. A. II. Compton, X-rays and Electrons (1924). 

5. G. Hevesy, Chemical Analysis by X-rays (1932). 
fl. A. Sominerfehl, Atombau, nth edition (1933). 


* G. Wen tael, Zs. /. Phys 43, 524, 1927. 



Appendix Table 25 .— Wavelengths of Kand L-series emission lines of elements. 

to chap. XI.] {X in X. units: 1 X. U. = 10" 11 cm) 
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Wavelengths of Kand L-series emission lines of elements. —( Continued) 
[X in X. units : 1 X. U. = 10 - 11 cm.] 
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Table 26 .— Wavelength of M-emission lines of elements (X in X. U.). 


Element 

«2 

oti 

P 

Y 

Element 

<*2 

<*1 

p 

Y 

92 U 

3916 

3902 

3708 

3473 

66 Dy 

9555 

9524 

9345 

8127 

90 Th 

4143 

4130 

3934 

3672 

65 Tb 

9946 

9917 

9772 

8468 

&3 Bi 

5119 

5108 

4899 

4522 

64 Gil 

10428 

10394 

10233 

8820 

82 Pb 

5288 

5274 

5065 

4665 

63 Eu 

11003 

10932 

10723 

9192 

81 Tl 

5461 

5450 

5239 

4815 

62 Sm 

11475 

11406 

11238 

9580 

79 Au 

5842 

5828 

5612 

5135 

60 Nd 

• . ■ 

12650 

12375 

10483 

78 Pt 

6045 

6034 

5816 

5309 

59 Pr 



... 

10975 

77 Ir 

6262 

6249 

6025 

5490 

58 Ce 


14030 

13755 

11511 

76 Os 


6477 

6254 

5670 






75 Re 


6715 

6491 

5875 






74 W 


6969 

6743 

6076 






73 Ta 


7237 

7008 

6299 






72 Hf 


7524 

7289 

6530 






71 Cp 


7824 

7585 

6748 






70 Yb 

8138 

8122 

7893 

7009 






68 Er 

8794 

8783 

8576 

7530 






07 Ho 

9165 

9143 

8947 

7849 







Table 27. — M-lines for elements 35 Br to 51 Sb (X in A. U.) 


Element 

m 2 <-n, 

Mj*-Ni 

m«*-n 8 

m 4 «-n 2 

M 6 4-N, 

35 Br 

7686 

79-70 

18097 

19104 

192*57 

37 Rb 

57 04 

5948 

126-71 

127-84 

128 66 

38 Sr 

5132 

53*01 

10806 

108-70 

39 Y 

48-5 


92-3 

936 

40 Zr 

41 Nb 

42 Mo 

44 Ru 

45 Rh 

46 P d 

47 Ag 

48 Cd 1* 

50 Sn ^ 

51 Sb 3 

407 

37*3 

28*21 

27-95 

27*8 

29-79 

80-34 

72-13 

64-35 

5232 

47-59 

43-48 

39 79 
36-75 
31-26 
28-76 

81-71 


* These values are due to Prins and Taken9 loc . cit. The other values 

are due to Siegbahn, loc t cit , 
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Table 28. — N-lines for light elements (1 in A. (J.). 


Element 

N 4 4-0 3 

n 4 «-o» 

n 0 «-o 3 

55 C’s 

183*8 

188 6 

1903 

f)6 Ba 

159*06 

i 

163*25 

1646 

57 La 

150*7.* 1 

15262 

58 Ce 

140*2 

144*4 

59 Pr 


1365 


60 Nd 


128-9 


62 Sa 

116-66 | 

118-12 

1 

63 Eu 


1120 

__ 

65 Tb 

100*77 

102 23 

66 Dy 


97*2 



n 6 *-o 5 

n 6 -o 4 

N 7 «~0 0 

81 Tl 

11303 

115*34 

117 74 

82 Pb 

100-21 

102*38 

10434 

83 Bi 

91*6 

9316 


Vain os of Tl, Pb, Bi arc due to Siegbafan and Magnusson, Zs. f.Phys 
88 , 559, 1934. 










CHAPTER XII 


THE PERIODIC CLASSIFICATION AND PRINCIPLES 
OF ATOM-STRUCTURE 

262 * General Statement of the Problem of Atom-Struc* 
ture.—In the foregoing chapters a general description has been 
given of the experiments by which it was established that the atom 
consists of a central nucleus of positive electricity occupying a 
minute volume, and surrounded by a swarm of electrons which 
revolve round it in orbits determined by quantum mechanics. From 
the experiments on large angle scattering of a-rays, it has been 
established that the net nuclear charge on the nucleus is Zc where Z 
is the ordinal number expressing the position of the atom in the 
periodic classification. A rough measure of the number of electrons 
in an atom was first determined by Barkla’s experiment on scatter¬ 
ing of X-rays, and it is now admitted that the number is equal to Z\ 
so that the atom as a whole is neutral. In the present chapter, the 
arrangement of the electrons, and their motion will be studied. 
The mechanics of the electron has been studied only in the simple 
case of hydrogen, which shows that it is very much different from 
classical dynamics. The electron has also been found to be a more 
complex entity than a. mere point charge of electricity. We have 
now to generalise these conceptions in the ease of any atom. To 
achieve this purpose, Bohr began with a review of the chemical 
and the physical properties of the atoms known at the tWie. The 
chemical properties are summarizeu, in what is known the Law 
of Periodic Classification , while the physical evidences were drawn 
from optical and X-ray spectra. Bohr put to himself this question : 
suppose we start with a central nucleus having the charge Ze , and 
bring to it the Z electrons one after another, till the neutral atom 
be formed. What are the quantum-specific»tions of the motion of 
these electrons, how will they be arranged in different shells, and how 
do these arrangements account for chemical properties and for the 
spectra of the elements ? 
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Table i .—The Periodic Classification of Elements, 
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263. The Periodic Classification.— We shall now review in 
a short compass the periodic properties of the atoms on which a 
large amount of subsequent discussions are based. The periodic 
properties of atoms were discussed in the last century by Lothar 
Meyer and Mendcleeflf, and illustrated by the atomic volume curves 
and the Periodic Table (table 1). As the explanation of these curves 
and tables are quite well known, we shall not stop to discuss them. 

Bohr in his survey of Atom-structure made use of a modified 
scheme of the Periodic Classification given by Julius Thomsen of 
Copenhagen which not only contained all the points contained in the 
previous discussions, but brought out new features not included 
in these schemes. This scheme is reproduced in Fig. 1. 



Fig. t. Julius Thomson's IVriodie Tabic. 

1.1 this scheme, each vertical column represents a horizontal 
row in the usual Mendcleeflf Table. The first column, consisting of 
hydrogen and helium, stands apart, and constitutes the first period. 
The "second and third short periods are constituted by the 

groups :— . 

(3) Li to (10) Ne and (11) Na to (18) A respectively. 
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Each of these groups contains eight elements: elements similar 
in properties being opposite each other, e.g., (Li—Na), (Be—Mg), 
(B—Al) ... etc ... The first pair Li or Na is monovalent, the 
second pair is divalent, .... and the valency goes on increasing by 
one, till we come to the end of each period, where we meet w T ith the 
inert gases (10 Ne—18 A) which possess no valency. The fourth 
and fifth periods (19 K to 36 Kr) and (37 Rb to 54 Xe) are the long 
periods and each contains 18 elements, and though they are closed 
by inert gases, they contain a group of corresponding elements 
possessing entirely new properties. These are (21 Sc to 28 Ni) in 
group IV and (39 Y to 46 Pd) in group Y. They are shown 
separately being included within vertical oblongs, and the elements 
with corresponding properties are connected by long strokes, e.g., 
11 Na with 19 K, and 37 Rb ; 13 Al with 31 Ga and 49 In etc .... 
Those connected with upward or downward long strokes 
constitute respectively the even and the odd sub-groups of 
Mandeleeffs classification. We need not consider the further periods 
at this stage. 


264. Idea of Closed Shells. —Bohr connected this pheno¬ 
menon of periodicity of chemical properties with the idea of shells of 
electrons introduced in Chap. VII. It was at first thought that the 
electrons are arranged not haphazardly but in distinct shells 
consisting of 2, 8, 8, 18, 18, 32 .... electrons respectively, as 
represented in Fig. 5 on p. 369. 

When the shells are complete, we get inert gases. Thus 
helium consists of a shell of two electrons, Ne of an inner shell of 2 



and an outer one of 8, argon 
of three shells consisting of 2, 8 
and 8 electrons. These shells are 
saturated, and possess no valency. 
Wheu we add one further electron, 
we get the alkalies Li, Na, IQRb, 
Cs and the element number 87 (still 
Formation undiscovered). These elements are 

monovalent, and they can easily lose one electron , and acquire 
a net positive charge of unity as in electrolysis. It is supposed 
that the extra electron determines the chemical valency, and such 
elements are said to possess a unit positive' electro-valency. In a 
compound formation like NaF, it is supposed that the loosely bound 
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electron in Na passes on to F, so that the molecule really consists of 
Na + and F’ ions held together by forces of electrostatic origin, as 
illustrated in the diagram (Fig. 2). 

When Na loses one electron, it possesses a Ne-likc structure 
and the ion is magnetically neutral. Fluorine on the other lmml has 
only 5 electrons in the outer shell, and can complete its shell if an 
extra electron be added to it. Ah the inert gas structure is more 
stable, this process of acquisition of an electron can easily be 
brought about. Fluorine is thus said to possess an affinity for 
electrons, and a negative chclro-valeiK g of unity. Similarly all 
halogen atoms possess an electron affinity. 

These views were justified by later works. The first electron in 
Na requires an energy of only 5*12 electron-volts for detaching it 
completely from the atom, while for detaching the second, an 
energy of 4678 electron-volts are necessary. This shows that 
the second electron is very firmly attached to the nucleus and 
cannot be easily split off from the atom. If on the other hand an 
electron be added to F, it gives out energy corresponding to about 6 
electron-volts. The fluorine atom thus possesses an innate capacity 
for absorbing an electron, and thus acquiring the inert gas 
structure. 

265. Electron-Composition and Valency.— If we now bring 
2 electrons to the inert gas shells, we obtain the elements Be (4), 
Mg (12), Sr (88), Ba (56) and Ra (88) which are all divalent. This is 
explained on the assumption that both the electrons freshly brought 
are loosely bound and can be easily lost. Thus in the formation 
of MgF 2 it is supposed that Mg loses two electrons, which go 
over to fluorine forming two F" ions. Thus the constitution of the 



Fig 8. Formation of magnesium fluoride molecule 


complex is supposed to be (F“, Mg ++ , F~ ), the constituents being 
held together by forces of electrostatic origin, as shown in* the 
J*. $7 
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diagram (Fig. 3). This hypothesis is supported by the values of the 
I.P.'s of Mg. It has been found that the 

1st I. P. of Mg = 7*61 Volts, 

2nd ... — 14*97 Volts, 

3rd ... ~ 80 Voits. 


Thus it is seen that it is easy to remove two electrons from Mg, 
but the removal of the third electron requires a disproportionate 
expenditure of energy. This is ascribed to the fact that Mg + + has a 
neon-like closed structure. 


We can explain in a similar way the formation of compounds like 
MgCl», MgO or MgS which may be supposed to consist of Mg++ 


and CP Cl", or or S" 



Mg ++ 0 ' 


Fig 4 Formation of MgO-Molcewle. 

inert gas shells, we get B (5), A1 
Now boron and aluminium ar 


Thus oxygen or sulphur is 
supposed to possess a negative 
electrovalency of two, />., they 
possess the innate capacity of 
acquiring two electrons, and pass 
on to an inert gas structure as 
illustrated in Fig. 4. 

Higher- Valence Elements .—14 
wc bring a further electron to the 
(13), Sc (21), Y (39), La (57), Ac (89). 
trivalent, forming compounds like 


BCL, and A1 CL which show that all the three electrons are loosely 


bound. These elements are therefore called ihroc<-vafence elements. 


Similarly C and Si, N and P, O and S, F and Cl, possessing respec¬ 
tively 4, 5, 6 and 7 electrons outside the closed helium, and neon 
shells are respectively known as 4, 5, (> and 7-valence elements. 


266. Periodicity of Spectra. —It has been found that not only 
the chemical properties, but the spectra of elements are repeated in 
the groups. This has been illustrated in Chaps. VII and IX, in the 
case of one and two-valence elements. It is not possible at this 
stage to discuss the spectra of other elements, but it was known from 
early studies that the spectra increases in complexity with the number 
of electrons outside the closed shells, and elements possessing similar 
properties like C and Si possess similar spectra. A rough idea of the 
increasing complexity of spectra shown by these elements is indicated 
in the scheme on page 416 which shows that complexity of spectra 
increases with the number of electrons in the incomplete shell 
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267. Bohr’s Theory of Electron-Composition of Atoms.— 

■Before wc proceed further with the properties of the remaining 
groups in the periodic table, we shall discuss how Rohr* sought to 
explain the results just discussed from his theory of atom structure 
and succeeded in giving a precise mathematical formulation to the 
vague ideas prevailing before his time, lie pictured to himself a 
nucleus possessing a net charge Z< to which electrons are brought 
one after another, till the quota is full. The /^-electrons must be 
arranged in the different levels which have been brought to light as a 
result of X-ray analysis {rifle (Jimp. XI). We have seen that these 
levels are denoted by the letters K, L, M, N, O ... corresponding to the 
total quantum numbers 7/ = 1, 2, 3, 4... etc. respectively. The question 
arises : how many electrons are required to fill up each of these levels 
completely ? Then again each of the levels L, M has been found to 
be multiple as a result of the experiments of Wagner and I)e Broglie 
on the absorption spectra of X-rays. How many electrons are need¬ 
ed to fill up each of these sub-levels ? 

If we bring an electron to a bare nucleus Zc, it is clear that this 
is caught in a K-level, for u must be one, and /»'=1 and E^ — UJtZ 2 /! 2 . 
If we now bring a second electron, what will be its quantum 
characteristics ? An answer to this question is furnished from a 
study of the chemical and spectral properties of the element He 
which has a central charge+2c, and has two electrons. If wc take 
He + , we know that the normal level of the electron corresponds to 
// = 1, /»•—!, and the energy is — Jilt. 2 2 /l 2 . If now a second electron 
be brought to the He + -ion, so as to complete the lie-atom, what 
will be the quantum number of the normal state of this electron ? 
The electron now revolves in the field due to combined action of the 
nucleus and the first electron, and gives rise to the terms which are 
known from a study of the He-speetrum. The first ionisation 
potential of He has been found to be 2IT) volts, so that tt must be 1. 
If a were 2, the I. P. would have been too small. The electron is 
therefore in the la or K-shell, and since He is an inert gas, it is 
supposed that the two electrons in the ls-shcll form a closed group, 
i.e., complete the shell. (For a description of the lie-spectrum, 
see § 278). 

When we turn to the next element Li, we find that it has three 
electrons. It is reasonable to suppose that the two inner electrons 

*N. Bohr, Zs. f. Pky$., 9, 1, 1922; 13, 117, 1923; Ann. d. Phys., 71, 228, 
1923. 
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form a closed group, but the third electrou is in a new shell L 
having??2. This hypothesis is supported by the facts that the 
I. P. of I A is quite small, fix., 5*37 volts, and the element 
is strongly monovaleut, and electropositive in character, An ana¬ 
lysis of the optical spectrum of Li tells us that the lowest orbit 
is 2 2 S^/.e., the third electron is* in the 2#-shell. 

Bohr next made use of the idea that similarity in chemical and 
spectral properties arises from similarity in the constitution of the 
incomplete electron-shell outside the closed levels. The element next 
to Li which is similar to it in its properties is Na (11) and hence we 
have to postulate that for Na, there is only one loose electron, and 
this has the same quantum characteristics as the valency electron in 
Li. This is also supported from an examination of the optical 
spectrum of Na. The fundamental term is 3 2 Sj , and the electron 

must be in a new shell. Hence with Na, the M shell begins. 

This shows that we must accommodate the electrons which are 
necessary to build up the intermediate elements from 4 Be to 10 Ne 
in the L-shell (;^ = 2). The total number of electrons required to 
fill up completely the L-shell, i.e., its sublevels L x , L 2 , L 3 , i.e., 2.v, 2 Pi 
2p 2 is 8; and similarly the total number required to fill up the M x , M 2 , 
M 3 , i.e., 3 s, ‘dpi dp 2 levels must also be 8. In this way the periodicity 
of properties of the second and third periods arc explained. 

268. Assignment of Proper Quota of Electrons to Sub- 
levels: (Mainsmith-Stoner,) —But how are these 8 electrons 
distributed amongst the sublevels L x , L 2 , L 3 or 2s, 2pi, 2p 2 ? The 
correct assignment was given by Stoner* and Mainsmithf, and are 
shown below :— 

Ll L 2 L;} 

28* 2P* 2P» 

2 2 . 4 

Two electrons are needed to fill up L x , two to till up L 2 and 
four to fill up L 3 . The case of L x can be easily grasped, for it has 
the same k and y* values as K, and hence it can be saturated by the 
same number of electrons as K. This leaves 6 electrons for L 2 , 


* E. C. Stoner, Phil Mag., 48, 719, 1924. 
f J. I). Main smith, Jour. Soc. Chem. Ind., 44/ 944, 1925. 



§269] 


SPECTRA OF ALKALI ELEMENTS 


533 


L 3 combined. Stoner assigned 2 to L 2 and 4 to L*, but it is more in 
Jceeping with facts to combine the two levels and assign fj electrons to 
2p. According to these conceptions, the constitutions of the elements 
from H to Ne are as follows :— 


1. 

IL Is. 




2 He 

1*2 





S Li j 

1*2 

2*. 

11 Nu 

Is 2 2s 2 2 p* j3s 

4 Be 

l* 2 . j 

2*2. 

12 Mg 

| Is 2 2s 2 2;>« 

3*2 

5 B 

l* 2 | 

2*2. 2/>. 

13 A1 

lls 2 2s 2 2 1 >* 

1 . . 

3*2 3p 

6 C 

Is* 

[2*2. 2/>2. 

14 Si 

j Is 2 2s 2 2/>» 

joS" 3/} 2 

7 N 

T^j 

2*2. 2)>K 

15 P 

1*2 2*2 2p« 

B* 2 3p 3 

8 0 

1*2 

j2s2. 2 p* 

16 S 

i Is 2 2.V 2 2 p* 

3*2 3/>4 

9 F 

1*2 

2s 2 . 2jt . 5 

17 Cl 

Is 2 2s 2 2/;« 

3*2 3 p 5 

10 Ne 

1*2 

j 2s 2 . 2p* 

18 A | 

Is 2 2* 2 2/; 6 

3*2 3 p 6 


In this scheme Is stands for K, 2s for Li, 2 p for L 2 and L 3 
combined, for X-ray levels have been found to have the same 
characteristics as the alkali levels. Is 2 . . . denotes that there are 
2 electrons in the Is or K-shell. 2p & . . . denotes that there are 5 
electrons in the 2p-shell. The 2p-shcll is filled completely when 
6 electrons are brought to it. Then we get au inert gas Ne. The 
inert gas structure is enclosed within a cartouche. When the 2 p- 
levels have been filled a fresh period begins. This is shown in the 
second column. 

269* Spectra of Alkali Elements. —The above hypothesis 
regarding the electron composition of atoms not only explains the 
periodic properties, but along with a few other principles, gives a 
complete qualitative explanation of the spectra of all elements, 
optical as well as X-ray. 
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We shall first discuss the spectra of alkali elements as prelude 
to the general study of spectra of elements. 

The electron composition of the alkali-metals are shown below :— 



19 K I8i2tf*2/?"3s*3p* \is 


37 Rb l#22#*2p e B«*3p63d*04»24p« p 


55 Os ls 2 2$ ? 2// 6 3s 2 3p 6 36£ ,0 4.v 2 4pMf/ ,0 rw> , ' , 5/> f; 6,s 


Be + ,B ++ ,C +3 ,N +4 . . . 
Mg + ,Al ++ ,Si +3 ,P +4 .. 
Ca + , Sc + + 

Sr + 

Ba + 


We see from the above scheme that for each alkali element, 
as well as for such ionised elements which are reduced by electrical 
discharge to the alkali stage (vide elements to the right of each in 
the above representation), we have normally one single electron in 
the ns-shell, outside the closed atomic core. This electron imparts 
to the elements not only their common chemical properties, but also 
account for the similarity of their spectra. The quantum mechani¬ 
cal state of the electron in the normal state may be completely 
represented according to a new system of notation introduced by 
Russell and Saunders by the symbol : 


where n . . . denotes total quantum number; it is 2 for Li-group, 3 
for Na-group, etc. .. 

8 ... it denotes that the /-quantum humber=0, so that the 
magnetism of Na-atoms in Stern and Gerlach’s experi¬ 
ment arises from the spin of the valency electron alone. 

1... inner quantum number of the electron in the s-state. For 

y= U+*| - |0+il 

*•£•> we have to deal with a spinning electron possessing the 
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rotational moment of inertia ~ ~ , moving in the field of the atomic 
core. 

The problem of the motion of the electron in such a case, c.g.> in 
Na-like atoms may be treated in the same way as the problem of 
the spinning electron round the bare nucleus, provided the field due 
to the atom core can be properly taken account of. For the general 
case of Na-like atoms, the nuclear charge is Ze, surrounded by a K- 
shcll of two electrons, and Lpshelhof eight electrons. The action of 
these shells may be supposed to be reorcsentcd by a charge -oc, 
concentrated at the centre, o’ is known as the screening constant . 
We have then 


-n 2 Si = 


JAz-o) 2 


nr 


But in Chap. VIII, the energy of the normal term was empiri¬ 
cally represented by 

i _ Jtz 2 

18 (l + .s -) 2 


where Ze — net nuclear charge. In this case, the total quantum 
number was'taken to be 1, whereas now it is taken to be w=»2 
for Li, 3 for Na , . . etc . . . The two representations appear to be 
contradictory to each other. 

But it will be shown later that the present assignment is the 
only theoretically sound one possible. The representations used by 
spectroscopists were only empirical and must now be revised. 


The Excited States of Alkali Elements. 


The further excited states of alkali elements are obtained by in¬ 


creasing successively the 
quantum numbers of the 2 
valency electron. For 
sodium-1 ike atoms, they 
are graphically represen¬ 
ted in the following dia¬ 
gram (Fig. 5). Normally 
the optical electron is at 
3s which gives'the normal 
term 2 S^ The next 

transitions are shown by 
the symbol (lV We get 


2s 2 p 

2 6 



Fig. 5. Structure diagram of Na. 
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successively a P, a D-terms. All terms arising from a diagonal dis¬ 
placement form the successive members of/a Rydberg sequence. 

From the above Fig. 5, we find irfiat after the normal 3s 
orbit, the next orbit of the electron is 3tf, yielding the pair of terms: 


X 

>■* 


X 

’Pv. ’ 





3 *Pj. ... 2px of Paschen «= 24489*31 cm* 1 
3 2 Pj ... 2 p 2 . = 24472*10 cm" 1 

We are again using the Russel1-Saunders notation. ‘P* denotes 

that l of the orbit equals 1. 
% The state has two possible 
8 energy values according as the 
vectors / and s are in the same 

Fig. «. The formation of p-terms. 01' Opposite directions, ?>., UC- 

cording as the spin-moment is parallel or anti-parallel to the orbit 
moment of the electron. 

The calculation of this separation has already been given in § 221. 
We shall confine our attention to the main energy term of the 
electron moving in the p-orbit. We may represent the energy as 
being given by 

3 2p _ _ Bh(Z-n ) 2 


where it — screening factor due to the 2s 2 2 p r ' - electrons, when the 
valency electron is in the 3j?-orbit. ‘ it } is different from ‘ a \ since 
the electron now affects the inner shell in a different way (vide §239). 

The origin of the other terms, and of the Rydberg sequences is 
represented graphically in Fig. 5. Each term excepting those forming 
the S-family has a double value on account of the interaction 
between s and /. The origin of the Rydberg sequence is also 
clearly indicated in the diagram. 


270. The Irregular Doublet Law. —The correctness of the 
above assignment of total quantum numbers is supported by an 
empirical law due to Millikan and Bowen which aimed at correctly 
locating the resonance lines n*S—?/ 2 P of each group of elements 
stripped by electrical discharge of its outer electrons so as to be 
reduced to an alkali-like structure. We illustrate the case by taking 
the Na-group. 

The energy-value of the normal term is 

3* S _ Rh(Z-o)' 
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Ihc energy-value of tho p-terms, disregarding tlie spin inter¬ 
action is 


o2p _ lih (Z—Jt) 2 
° A 3* ~ 


We have therefore 


2 S 


_ 2p (JLr «I* _ IZ- aV 


3 2 


AZ + II 


where A = -- - —— \ /> _ a — IT 

Now supposing that a and jt, the screening factors of l.v 2 2s 2 2p r ’ 
shells due to the valency electron in the 3.s and 3 p orbits, do not 
vary as the nuclear charge is varied, the following conclusion can be 
easily drawn: 

Tho frequencies of the resonance lines of the Na-like elements, 
i.c., elements which are reduced by electrical discharge to 11 electrons 
like Na, r.g., Mg*, Al ++ , 8i ++ + and for a similar reason of the other 
groups of alkali-like elements, will form to a first approximation, an 
arithmetic progression. This was found to be actually the fact as 
illustrated in the following table. 


Table 2 .— Illustration of the irregular doublet law. 


Element 


*Si - 2 P, 

3s-3 p 

2 P 2 - 2 I> 2 
3 p-3d 


2 D 2 - 2 F 3 

‘id-if 


2 D 2 -*F- 
3d-4 f 

2 Si cm -1 
I. P. in volts! 


11 Na 


1G9C1 


12 Mg+ 


35669 


13 A1+ 2 


53680 


14 Si+» 


71280 


15 P +4 


88040 


1GS+* 


10586G 


17 C1+'' 


123001 


1S71S mil 17600 171160 17217 17136 


12190 


35730 


G2037 


88G72 


114755 


140313 


23531 26307 26635 26083 25558 


5415 


22308 


51G58 


93782 


14838G 


215206 


16803 20350 42124 ' 54604 66820 


5492 


20354 


41351 


66640 


14862 20907 25280 


41449 

5*12 


121267 

14-97 


229543| 

28-32 


44-95 


364177524491 


647 


[709560 
87-6 


1920160 

113*6 


18A+ 7 
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Note .—This conclusion was first drawn by Millikan and Bowen* 
from a study of the curves given by G. Hertz f about the values of the 
X-ray energy levels of Lj, L 2 (vide p. 449). As stated in §235 Heitz 
showed that 

n/vjj, — N/v Jjrt = constant. (2) 

The law is explained if we assume that for the L-shell 
/vl, Z— a / vi,„ 7j — z t 

v n 2 * v r = 2 1 

i.e.j the screening constants in the two levels do not vary as the nuclear 
charge is increased. Millikan and Bowen extended this rule to the optical 
region in the way mentioned above, though the two cases are not exactly 
parallel. 

It is apparent that the above deduction of the irregular doublet law is 
of the roughest nature possible, and cannot stand closer scrutiny. Yet in 
the hands of Millikan and Bowen, it served as a valuable clue for identifying 
the resonance lines of elements reduced by an exceptionally strong 
electrical discharge to the one-valence state (stripped atoms). This was 
done by passing a spark between the electrodes under very high vacuum 
(the method of hot sparks). Under such conditions, no spark usually 
passes between the electrodes (no discharge state), but when these are very 
close, electrons are pulled out by the large electrical field, and these ionise 
the atoms to such an extent that they lose most of their outer electrons. 
For example if we take Si, we can get by these methods, the spectra of 
Si, Si+, Si++, Si+++ and possibly of higher stages of ionisation all 
mixed together. How can one, from such a medley of experimental 
data, pick out the lines of the element in any particular stage of ionisation ? 

Millikan and Bowen showed that for the alkali-like elements, the pair 
of resonance lines can be easily picked out with the aid of the semi- 
empirical rule, as illustrated in table 2. 

It is clear that the rule should hold only for all transitions for which 
the total quantum number does not changp. If Aw^f.0, the rule should 
not* hold, as shown in the ;k/-4/*-series. For these and other extensions, 
various papers* which have appeared on the subject may be consulted. 


271. Calculation of Term Values: Penetrating and Non- 
Penetrating Orbits.—We shall now consider the general problem 
of calculation of the term-values for the alkali elements from the 
atomic model. The general alkali element may be taken to consist 

M * Millikan and Bowen, Phys. Rev , 24, 209, 1924; 26, 295, 1925. 
M. N. Saha and P. K. Kichlu, Indian Journal Physics, 2, 319, 1928. 
fG. Hertz, Zs<f.Phys., 3,19, 19, 
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of a nucleus, round which wc have a number of electrons k 
closed shells as in an inert gas. This structure is what is known 
the atom core . The valency electron revolves round the core in 
orbits whose n and k are given. A rough idea of the dimensions 
of the core can be obtained from indirect evidences such as intensity 
of X-ray reflection in crystals.* The values for tn> ...^ali elements 
are shown below, where r stands for the radius of the atom core, a 0 
that of the normal hydrogen orbit, and ratio of the dimension of 
atom core and that of H-orbit. 


Table 3.—Raditts of the atom core. 


Ion 

Li+ 

Na+ 

K + 

ltb+ 

Cs+ 

r 

■28 

•41 

•82 

1*20 

148 A- Units 

1,-r/a o 

*53 

•77 

1-54 

2-26 

2-80 


If the core continued to remain undisturbed during the motion 
of the valency electron, the compensating field which it produced 
might be put equal to that of concentrated charge Z a o at the centre, 
where Z a is the number of electrons in the core. In this case, the 
screening constant would be simply Z a , and the energy \«\luc would 
be - Rh{Z- Z n Y 2 lu 2 , where tr — total quantum number of the 
orbit. For Na, this would mean that the energy of the electron 
in the 3/>, ?>d or 3* orbits would be the same, vn ., -Rh/t'- But 
a glance at the term-values shows that this is far from being 

the case. 

For illustration, we represent the term values by effective total 
quantum number in table 4. We put 

T = R/nl or m = JitfT . (3) 

n e may be called the effective total quantum number.^ This can 
be easily calculated when the term-value is known. Thus for Na 
3s a Sj, T «. 41449’0, and n e can be easily shown to be. 1*63. tor 

3 p *P 4 , n e = 212 .. . etc. 


* Vule Chap. VI, § 134. 



PRINCIPLES OP ATOM STRUCTURE t XIl 


Nob 4. — Term-values for Na-spectrum and the effective quantum 
fro** number n 0 . 



n = 

3 

4 

5 

6 

s 


41,449-0 

163 

15,709-5 

2'64 

8,248-3 

365 

5,077-3 

4-65 

p 

l 

24,475*7 

212 

11,176-1 

314 

6,4063 

414 

4,151-3 

514 

d 

1 — 2 

12,276*2 

299 

6,9001 

3-99 

4,412-5 

499 

3,0619 

599 

f 

Z«3 


6,860-4 

400 

4,3904 

500 

3,0430 

600 


A glance at this table shows that n f , for the (1 and /-terms are 
very nearly equal to the total quantum number, while for the $ and p 
terms, u e strongly deviates from n. Thus for the 3s-orbit, n 3, 
but n e — l’C3; the same is true for the other a-orbits. For the 
3p-orbits, n = 3, but n 6 = 2T2 .. . etc. ... In fact we can classi¬ 
fy the orbits into two classes* (1) non-hydrogenic orbits, c.g. 9 the a* and 
p orbits in the case of Na where n c strongly deviates from n, 
(2) hydrogenie orbits , e.g., d, /'orbits for Na where n e is very nearly u. 

The physical argument for the existence of the two different 
classes of orbits was first given by Schrodinger.f lie showed that 
the non-hydrogenic orbits are those which, on Sommerfeld s orbital 
theory, are strongly eccentric ; e.g ., for the ^s-orbits of Na, we 
have e — (1- k 2 ln %i )* and for 3 s, e = ’9-13; for 4s, 6 =’908, for 3 p, 
e =745. Those for which the eccentricity is zero or small 
continue to be hydrogenic ; thus for both 3d and 4/*, e = 0. 

The correctness of this explanation is readily seen if we review 
the term-values and values of the effective total quantum number 
for the other alkalies. This is calculated in table 5 and shown 
graphically in Fig. 6. It is seen there that for Li only 5 -orbits are 
non-hydrogenic, the p-orbits are hydrogenic. This is apparent from 
the fact that for Li, the first p-orbit is 2p, n ** 2, k «* 2, 8 = 0, while 

* Good accounts of this subject will be found in Soinmerfehrs 
Atombau . .. (4th Edition), §4 ; W. Grotrian, EL d. Astrophysik , 3/2, 
Cbap. 5. 

f E. Schrddinger, Zs. /. Phys. f 4 , 347, 1921. 





Mg. 6. The hydrogcnic and non-bydrosrenic terms of alkali elements Li, Xa, K, Kb, Cs. 
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for Na the case is otherwise, for Rb even the d-orbit is non-hydro- 
genic, for 4 d is the first rf-term and 

e = (1 —3 2 /4 2 )* = /4 - -65 

Let us now sec why in strongly eccentric orbits, the term-values 
become non-liydrogenic. The argument first given by Schrodinger 


Tabic 5.—The effective quantum number for the S, P, D-terms 
of alkali elements . 


_ S £ Lithium 

Sodium 

Potassium 

Kubidium 

Coasium 

£ 3 El 

** a s ; 

ac\ s j 

! p 

I) 

S 

P 

D 

S j 

P 

I) 

S 

V 

D 

S 

P 

P 

a ' i‘59 

! ; 

a 12*590 i 

i 

ITG 

2*950 

2*998 

1*027 

2117 

2*991 

i 

i 

2*854 



2*707 



2*548 

4 .V69s 1 

3*954 

3*998 

2*049 

9139 

9 988 

1 *771 ' 

2*232 

9*80 



3*790 

.. 


3*528 

5 j«o 

4*953 

5*0 

9047 

4*198 

4*987 

2*80 : 

9*209 

4*770 

1*811 

2*280 

4*090 

... 


4*525 

0 5'00 j 

5*950 

GO 

4 040 

5*141 

5*9S7 

9*761 j 

4*279 

5'758 

2*845 

3*917 

5*077 

1*870 

2*33 

5*524 


is as follows :— 

It has been shown in §174, that an -orbit in the hydrogen 
atom possesses the eccentricity 

e - (1-/..7 ir)l 

and the distance of nearest approach of tlic electron to the nucleus 
is 

d ~ n (1 - Vi - Pin*) 

= n -° f a - ^i - ¥ W) 

A 

It is clear that when k //, the orbit is too much eccentric, 
and 'the valency electron may approach very close to the inner 
shelf particularly in the case of the .s-orbits, as shown below :— 

Is 2s 3s 46’.... 

d/a 0 - 1 *536 ’522 

When we take the one-valence elements and ions, e.g., the Na- 
like atoms, the normal orbit is 3s and the radius of the normal 
Na-atom has been estimated to be *77 A. units. Supposing the 
calculations for hydrogen apply to this case, the distance of nearest 
approach of the valency electron to the nucleus is ’40A units. But 
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the radius of the Na + -core has been estimated from measurements 
of intensity of X-ray reflection to be *41A units. Hence we find 
that the electron in the 3s and other higher 4s-states approach very 
close to the core. Schrodingcr supposed that in these and similar 
cases when the electron approaches too close to the inner core, it 
penetrates the latter. What will be its subsequent motion ? It is 
clear that now the electric field will be greatly enhanced, as the 
screening due to outer electrons is partly removed, and hence the 
electron will describe an eccentric orbit of smaller dimensions. 
After describing this orbit, ?t may be expected to come out, 
and describe the remaining part 
of the outer orbit. The supposed 
path is represented in the following 
Fig. 7. 

For such penetrating orbits, cal¬ 
culation of term-values is somewhat 
complex, and this is carried out in the 
next section. But it can be inferred 
even without these calculations that 
the energy values of these terms will 

diverge greatly from the hydrogenic fi*.;. The pcm-iratfn* orbit, 
values, i.e., from UZ^n 2 . 



272. Term-values for Penetrating Orbits.*— Starting from 
Schrodinger’s ideas, Van Urk gave an approximate calculation of the 
energy value of the electron for a penetrating orbit of alkali-like 
elements. The atom is supposed to consist of the inert-gas-like core 
round which the valency electron moves in the ajc -orbit The core is 

assumed to have the radius £'/o. Beyond the distance the valency 
electron moves in a field which is due to an effective charge x which 
is 1 for a neutral atom like Na, 2 *or a singly ionised atom (Mg + ) 
3 for a doubly ionised atom ( c.g Al ++ ), etc. The charge on the 
outermost layer of the core is taken to be x 8 {c.g., for Na, it is 2.s 2 

2 p* x 8 = 8), so that when the valency electron penetrates this outer 
shell, the effective nuclear charge under which it moves becomes 


* The treatment given here has been adapted from that given in 
Pauling and Goudsmit’s “ Structure of Line Spectra” Chap. Ill, where all 
the references will be found. 

f Th. Van Urk, Z$. f. Phys„ 13, 268, 1923. 
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x a + x. The expressions for the potential energy are now 
respectively 

2 

V (r) ~ - — . . • for r > ..... (outside the core) . . (4) 

r 

— - + * .. for r < £ n 0 .. (inside the core). (40 

r y*o 

z^lXa-o ... is the constant potential of the outer shell of the core 
inside itself. 

It is clear, from Fig. 7, that the complete orbit consists of two 
parts, (1) a part lying outside the core which is segment of one ellipse 
which may be called the outer, and (2) a part lying inside the shell 
which is segment of another ellipse which may be called the imicr. 
The inner ellipse is much smaller than the outer. The dimensions 
of these ellipses may be calculated in the usual way. 

The Hamiltonian for the motion of the electron is 

II-~ (p 2 + pl/r*) + V(r) - IF. .... (5) 

r u 

where W the energy constant. Now -- kh/2n and this is common 
to both the ellipses. 

The value of n r is given by the integral 



*gV W 

r / 4jt V 2 


+ /\/ 2 »t - ^f‘] - w 

The integration is to extend over the whole orbit. It is not 
possible to carry out the integration unless the form of the orbit is 
known. When the form is known, IF can be expressed as a function 
of (/<•, n r ), but on account of the introduction of unknown quantities 
like z 8 , iyVo which should be as far as possible eliminated, IF is no 
longer simply - Rx*j{n r + k) 2 as in the case of hydrogen. Van Urk 
gives an approximate solution in the following way. The part of the 
orbit external to the core, being too much eccentric, may be supposed 
to be almost a complete ellipse. We may put for the external region 


(a) 


W = — 


* 2 c 2 


2a o n, 


-B 2 * 2 

K 


where n a is the outer effective quantum number. 
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The semi-major axis =a 0 n*/z and we may be put n a = k+n ra 
where 

TTF 


'^ra h 


“V 2 »< K+~)- 


4k 2 r 1 


rfr. 


It is clear that n ra may be fractional, as the outer part of the 
orbit is alone considered. It can now be shown that the part of the 
orbit inside the core is also a complete orbit which passes out into 
the outer orbit V/) somewhat as shown in Fig. 7. For this region, 
we have 

/ . \ o o 

x a e 


(b) W = - 


(* + *s ) 2 e 2 , * 8 R ( t + x a ) 3 . 2 Ik 


2ff 0 «* 


+ 




+ 


T 


(G) 


where n b is the inner total quantum number and n b — k+n rb , where 

iZl 

C«o J 


ir h = (L/s/Wof TF+—* ** 

J *• t j -wt r 

over the inner ellipse, and semi-major axis = « 0 »b! (s+s* ) 

Let us see if (b) is consistent with our picture. The energy must 
be the same for both orbits, hence we have 


**** 

Vr 


•> ij ■. dv 


“ 2 (^+-«)’■ 2x 


n- 




Now ( % + Xg )^>x, but n a = u b , hence we have 

(~ + ~s) 2 2a„ 

- ~= - 


nr 


or 


2(i 0 n'i 


T+ 


z + x 8 


^0 


Now 2 «o^ 2 /(^ “h the nlll i or axis the hiner orbit and 

it is less than the radius of the core. Hence the valency 
electron, on penetrating into the core describes a complete ellipse. 
We have seen that the path outside the core may be taken to be an 
almost complete ellipse. But there must be a steady and continuous 
passage from the outer orbit to the inner. Hence we may take that 
the complete path is as depicted in Fig. 7, consisting of a big outer 
ellipse and a small inner ellipse, which pass continuously from the 
one to the other. A minimum value for n 0 the effective total quan- 


* See also M. Born, Vorlcsungen iiber Atom mechanic Chap. 3, p. 194. 

F. 0 
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turn number for which this assumption can hold good may be obtained 
from the observation that the aphelion distance of the electron in 
the inner orbit must be at least equal to £(io, otherwise the electron 
will never come out of the core. This gives us the condition 


«o n\ 


: + 


^8 


(1 + e) *= 


where £ = — 

From these two equations, we obtain after some work 

£(* +■ ) 


n h 


^2t(* + z s )-k* 

From what has been just said it is clear that “ M ra + n rb 
But n b — U r f,+k ~ n ~ n ra 

X (* + *s ) 


(7) 


Hence 

Now 


n rb 


-h . 


( 8 ) 


sl2X(x + xJ-k* 

A — n - n a — n b — k 

gives us the value of quantum defect .* According to wavemecha- 
uics, we can replace lc 2 by l (l + 1) and k by (/ + i). Then from (8) 
we obtain 

X (x + x s ) 

n rb = A = (x ~+V s )- W+ l) ~ ^ + *) ’ ’ (8f<) 


This formula shows that the quantum defect is independent of 
the total quantum number n, and thus is approximately the case as 
is clear from Fig. G and Table 5. 

Further the value of £ for the ions df the alkali elements can 
be obtained from X-ray data, and A may be actually calculated by 
taking % a — 2 for Li and 8 for Na and other alkalies. The agree¬ 
ment between calculated and observed values is shown in Table 6. 


273. The Term-values for Hydrogenic Orbits: Polarisation 
of the Atomic Core. —Even the term-values of the orbits which 
are not eccentric like the 3rf-term of Na is not exactly equal to 
12/tt 2 , but differ slightly from it. The defect is of the order of *01 
in the total quantum number. Born and Heisenbcrgi* suggested that 
* ft will be noticed that n a is the same as n e defined by eqn. (3). 
fBorn and Heisenberg, Zs, f. Phys., 4, 347, 1921, 
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Table 6. Observed and calculated values of Rydberg 
correction A for the, alkali elements . 


Element 

i 

Observed 

5 

Calculated 

1 

Observed 

P 

Calculated 

i 

Observed 

D 

Calculated 

Li 

040 

0-30 

0 04 


0*00 


Na 

1 35 

8 36 

085 

0*51 

001 

... 

K 

2 19 

2 14 

1 71 

1-23 

O'25 

0*47 

Rb 

3-13 

2*70 

266 

1*78 

1*34 

006 

Cs 

406 

305 

3T>9 

1 

213 

2-40 

1-28 


this might be due to the polarisation of the core in the field of 
the valency electron, the effect of which is to add a small term to the 
expression for force due to the point-nucleus. 

It is proved, in treatises on Classical Electricity and Magnetism 
(vide Jeans, Electricity and Magnetism p. 130) that when a small 
spherical metallic conductor is placed in an electrical field F the 
conductor becomes polarized, i.e., positive electricity accumulates on 
one side, and negative electricity on the other. The electric moment 
of the induced dipole is aF\ where a is called the polarizability of 
the ion and this is equal to a 3 , where a is the radius of the sphere. 


The energy of polarisation is equal to — 2 a 3 F 2 . 

Now since in an alkali atom, F= —e/r 2 , we have the polarisa¬ 
tion energy equal to ~ a 3 c 2 j (2r 4 ). This is to be added to the usual 
energy — e 2 Zjr, and its value is small compared to the Coulombian 
energy -e*Z/r. The polarisation energy can therefore be treated 
as a perturbation term and its average value can be calculated with 
the aid of wavomechanics. The expression for energy for such an 
orbit now becomes 


W — 


HZ 2 _ _ Z 2 e 2 _ a*c 2 / 1 ^ 

(rc-5) 2 ~ 20o w* 2 \r*J 


. . ( 0 ) 


Expanding in powers of b/n, and remembering that 5 is a small 
quantity, we have 


n s a 0 a 9 


( 1 \ 
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The value of can be obtained from wavemcchnnics (vide 
Smekal, Qiianten, p. 286). We have then* 

*«>Z' \ I } 

*_ l _dw; J _ , ln x 

4a 0 M/-i)(/+i)(/+l)(/+3/2). UU; 

The values of 5 calculated for the ^/-series of Na with the aid of 
(10) are shown in table (>«. 


Table 6a.—The quantum defect 8 for the d-tenns of Na. 


n = 

3 

4 

5 

6 

7 

8 OO 

8 observed 

0010 

00112 

00126 

00124 

00125 

00110 

8 calculated 

0009 

00102 

00107 

00110 

00111 

00112 00116 


The value of a in eqn. (10) necessary for the above computation 
has been calculated for a number of ions (including alkali and 
alkaline earth) by Paulingf theoretically by introducing suitable 
screening constants in the wave-mechanical expression for the 
polarizability of hydrogen-like orbits. lie obtains for N*i + 
a = 0T8X10** 24 . For details of this calculation see his original 
paper. The values of polarization or atomic refraction have also 
been experimentally obtained by Fajans and Joos$, Heydweillerg, 
and Wasastjernall from measurements of refraction of their salt- 
solutions. From these data a can be easily calculatcdl. 

274. The Modified Regular Doublet Formula (Land6).— 

According to § 221, the doublet separation for the terms of one- 
valence elements is given by 

Av " V82 ^7imT om ". (11 > 


* I. Waller, Zs. f. Phys., 38, 635, 1926. 

+ L. Pauling, Proc. Roy. Soe. A, 114, 181,1927. 

t K. Fajans and G Joos, Zs f. Phys., 23, 1, 1924. See also Born and 
Heisenberg’s discussion, Zs. f. Phys., 23, 388, 1924. 

§ A. Heydweiller, Phys. Zeils., 26, 526, 1925. 

M l. A. Wasastjerna, Comm. Phys. Math. Soc. So. Fennicae, 1, 38, 1921. 
If This calculation depends upon the relation R—inNa, where R 
denotes the atomic refraction defined by R ,«■ V (n 2 —l)/(n 2 +2), where 
F ««jrro. atomic volume, n «• refractive index and N =* Avagadro number. 
For details see Debye, Polar Molecules (1929), p. 12, 61. 
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This expression should hold only for hydrogcnic orbits. For 
penetrating orbits it is clear that the formula has to be modified, and 
tm approximate value was given by Lande.* It is needless to 
repeat the calculations for which the original paper may be consul¬ 
ted. The final formula may be quoted. This is 


Av =* 5*82 


(x+x 8 ) 2 x 2 
v e ' 1 I (/+l) 


cm" 1 


( 12 ) 


Comparing with formula (11), we find that the difference consists 
in substituting 


(x + x s ) 2 x 2 iov(Z-o)\ 


and n e the effective quantum number, for n the theoretical total 
quantum number. 


k/oi 


275. Spectra of Two-valence Elements. —A general descrip¬ 
tion of the spectra of two-valence elements has been given in 
Chapter IX. In this 
section, we shall deal 


is 

2 


2 s 
2 


2p 


35 

m 


*6> 


Ci 


‘4s 

(i) 




% \ 


‘•5s 

W 


v 5p 

(IX. 


' 5d 
V) 


with their theoretical 
explanation. In the 
spectra of alkali ele¬ 
ments we had to deal 
with the motion of one 
single electron in the 
field of a magnetically 
neutral core. But here 
besides the core wc have 
to deal with two elec¬ 
trons, which influence each other by their electric and magnetic inter¬ 
actions, This case therefore brings out new features and principles, 
a thorough grasp of which is essential to the understanding of spectra 
of atoms in general. 

As typical of this class, we take Mg possessing normally the 
structure 


5-SfrtVsl n^Serits\ [D-!>tr\cs 

*S % ft 3 t) H) 

Kijj. 0 . Structure diagram of Mg. 


12 Mg ... 


Is 3 2s* 2 p'\ 


3s* 


The normal structure is 3s* and the excited states are obtained 
by keeping one electron in the lowest level 3s and increasing the 


* LniulS, Zs. f, Phyt>., 25, 46, ] 924 
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quantum number of the other in successive steps, i.e ., by putting 
it in the orbits 3p, 3 cl, 4.*?, ip .... as shown graphically in 
Fig. 9. 

The above diagram represents the fact that excited states are ob¬ 
tained by keeping one electron in 3s, and allowing the other to 
run through higher levels. The correlation between electron-com¬ 
position and the observed optical terms arc shown in the following 
table. 

Table 7.—Term values of Mgl (12). 


S-terms 

P-fcerms 

D-tcrms 

Electron 

structure 

Terms 

Electron 

structure 

Terms 

Electron 

structure 

Terms 

3 s'- 

'S 0 =G1G72-1 

3s lip 

1 P i —26620 7 
®P 0 -519821-3 
®Pi-.39801-4 
3 P 2 = 519760-5 

3s 3d 

<I) 2 -15268-9 
»D,) 

3l) a l =13714-7 

3 d 3 J 

3$ 4.s* 

•K 0 = 181GO 

3s 4 p 

*P, = 123255 

3s 4 d 

6 

t*. 

II 

00 

Cl 

co 

*<i 


*»! =20474 

s-sequenco 


sp 0 =13824 1 
3 P t =138241 
3 P 2 = 13820 

1 

;>-sequence 


3 1) 2 1=74795 

3 D 3 J 

i 

d- sec] uen ce 


276. The Russell-Saunders’ Notation. —Here in describing 
the terms, we have introduced the Russell-Saunders* notation which 
can be fully explained now. We write 

S, P, D, F, G, II, T, J. 

for l * 0, 1, 2, 3, 4, 5, 6, 7. 

The multiplicity is indicated by the corresponding integral number, 
added as a superscript to the left of these capital letters. Thus 8 P 
denotes triplet p-terms. 5 D denotes a quintet rf-fcerm. The inner 
quantum number is denoted by the corresponding number added as 
a subscript as in 3 P 0 , 3 Pi, 8 P 2 .... An integral number placed 
before the symbol denotes the total quantum number. Thus 

5 4 Pj .....denotes a quartet p-term, having j ** f, 

the total quantum number being 5. The total quantum number is 
very often omitted. 
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Sometimes for pui’poses of further elucidation, the electron- 
structure giving rise to the term is added before. Thus we may 
write ' 


Mg... 


Is 2 2s 3 2 p tt 3s. M S I) 2 


For the sake of shortness the closed shells may be omitted. We 
may write simply 

Mg. ... 3s M *1), 


276a. The Russell-Saunders’ Coupling.— Let us now see how 

the observed terms can be explained from the electron composition. 
The basic ideas have been already foreshadowed, but it is better to 
collect them here. These are as follow: 

(a) It is only the electrons outside the closed shells which deter¬ 
mine the nature of the spectrum. The inner closed shells may, for 
the present, be left out of account except for calculations of energy. 

(/,) The quantum-characteristics of each electron is of the doublet 
type and is determined by the shell which it happens to occupy. 

This simply means that the electron must also be regarded as a 
unit magnetic dipole having a definite magnetic moment, and has its 
motion defined by n, I, s and m. ’’V denotes orbital momentum, s.... 
denotes the spin and is equal to i They combine to form j, and 
the magnetic quantum number 

in == j- 1,.. -3' 

Thus for an electron in the 5rf-shcll, n = o, / — 2, j? = and; 

has the values 2 , 2 , and 

for j = ; 2 » m T ~ ^ ^ “* s 

!» r» s .1 — \ 

=r 2 , W = 2» 2> 2» 2 

((■) When there are more than one electron outside the closed 
shells, the observed spectral terms arc obtained by considering the 
mutual interaction of the outer electrons with each other. The 
general case of interaction is rather difficult to treat, but the most 
important case ( Rmscll-Saunders’ Coupling) am be illustrated with 
the aid of the Mg-spectrum. 

Here wc find that the inner electron is in the 3s-lovcl. It 
has n — 3, «, =4, h - 0. Let us first take an excited shite ofthc 
other electron, say 3p then this electron has n — 3, s 2 ^ ' 

For calculating interactions, » may be left out of account altogether. 
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It is found that in most cases, the electrons interact through each 
vector separately, *•&, s x and s 2 interact as if the Vs are not present 
at all, and the Vs interact as if the s’s are not present. The case is 
similar to that of Paschen-Back effect described in § 224. In that case, 
it was found that when external field H is weak, the coupling be¬ 
tween the l and 5 -vectors of the electron is not broken. They continue 
to combine, the terms retaining their individual /-value. When, 
however, II is strong the 5- and /-vectors precess individually 
round the axis of //, and the coupling between them is broken. 

In the present case, we suppose that in the presence of 5 * 
(/i being zero may be neglected altogether), the coupling between s 2 
and / 2 is broken and $ 2 combines with s x . The resultant is 

I si +s 2 I = I h + 2 I = 1 , or 0 

•A the electrons have their spins either in the same direction or in 
opposite directions. When they are in the opposite directions, the 
resultant S == 0, we get singlets; when they are in the same direction, 
S ~ 1 , we get the triplet spectrum. The two 
schemes are represented in Fig. ftar. 

We have to consider the interaction of l 2 
with S. 1 2 combines with each of these 
S-values separately. We have for singlets, 
j = | iS+Z*) =/ 2 , »A we get j — 0, 1, 2, 3,... for 
1 S, 1 P, *D... terms, as illustrated in table 7 
which were originally obtained from consider¬ 
ations of Zeeman effect. 

j = | S+ l 2 I I I +/2 I 
/ 2 = 0,y = 1, i.e., 8 Si-term. 

h ** hi I ^2 + 1 I — Zadhl- 

Thus we get :l P-terms withy = 0, 1,2, 3 D-terms with j — 1 , 2, 3. 
The final result is that we find 

3.s. ns ... gives a sequence * 80 , 8 Si-terms. 

35 . np „ „ l Pi, 3 Po, it 2 -terms. 

35. nd „ „ *D 2 , 3 Di, 2 * 3-terms. 

The principal series is due to the transition 
3s 2 «- *is np. 

l S 0 ■‘Pi.^PoM.t 

35 4 - np 


*-*0 O s -'* 




Fig. 9«. The origin of singlet 
and triplet terms. 

For triplets, 

When 

When 
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In the above representation the first line represents the transition 
from the initial 3 s. np to the final 3 s 2 -configuration of the outer 
electron shells. The second line represents the terms. The third 
line shows that the transition really consists in the wp-electron 
jumping to the 3s-shell, the other electron remaining stationary in the 
3tf-level. We get only ’So — l Pi, 1 S 0 - 3 Pi lines. The others are 
barred by the selection principle for the /-quantum number. 

The line 1 S 0 - 1 Pi is stronger than the inter-combination line, 
as the electron has not to change its direction of spin. But 'So ~ s Pi, 
the inter-combination line is weak as the jumping electron has to 
reverse its direction of spin. 

All excited terms and lines are thus explained. But 3 s* .., /.e., 
when both electrons are in the 3.s-level, gives only an ^o-terin, 
no 3 Si-terin arises from this combination, as will be explained in 
Chap. XIV. This fact first led Pauli to the enunciation of the 
Exclusion Principle : 

“ jVb two electrons in the atom can hare all their quantum num¬ 
bers identical /' 

Thus when both electrons are in the 3s-orbit, they have both 
/= 0 . Hence they must have their ^/-values different. 
If mi ^ m2 mU8 t be - £, and 1m == 0, *>., the spins must be anti- 
parallel. 3s 2 . . . can therefore give us only 'S 0 -term as actually 
observed. But if we take the combination 3*.//*, the electrons have 
different values of n. Hence m t and m» can have the values ±i 
Thus we get 'So us well as %-terms. Further application of 

Pauli's Principle will be given later. 

We have thus been able to explain all the optical terms of two- 
valence elements discussed in Chap. IX. In addition to these terms, 
certain others have been found which Me due to the .imo taneom 
rmsaaeofloth electron, to hieher Me, as is repreented by the 
following typical example : 

3 s. 3 p *- 3 p 2 


The nature of these terms will be considered later on. 

N B. _It should be noted that in spite of a general similarity, there 

are certain differences between the spectra of elements of the odd group 
and the even group. They will be discussed later. 


' // 277. Term Intervals in 
Elements.— We shall now give a 
*.\!0 


the Spectra of Two-valence 

short discussion on the term-values 
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of tiie two-valence elements. It is observed, at least, in the case of 
light elements like Mg, that the singlet-triplet separation is very 
large, and is of a higher order than the separation observed amongst 
the component lines of a triplet set. In fact it is of the same order 
as the term values themselves. 

The triplet intervals follow striking regularities. As shown 
on p. 383, we have 

8 P 0 ~ 3 Pi : 3 Pi - 3 P 2 =1:2 

*Di ~ 3 D* : 3 I) 2 - 3 D 3 =2:3 

For heavy elements, the interval ratio departs considerably from 
ideal values (see the case of Hg on p. 383). 

A theoretical explanation of these regularities can be given by 
extending the method given for the alkali elements. It was shown 
that the energy of an electron may be represented by 

W = Wo + W r + W (si) 

where W 0 is the energy calculated according to the Bohr- 
Sommerfeld theory, W r is the relativity correction, and W {si) is the 
energy of interaction between the spin and orbital momentum 
vectors of the electron. Both W r and W (Is) involve a 2 , where a is 
the Sommerfeld fine-structure constant. ( W r is given by formula 
(46), IF(fe) by formula (44) of p. 422). In the case of two-valence 
elements, the energy of the system consisting of the two electrons 
may be written as follows :— 

TF= W {e t ) + W(e 2 ) + W[e x e 2 )+^Wr + W(s x s 2 ) + IF(Mi) 

+ W[sih) + W(s 2 h) + IF(M 2 ) + lF(/ 1 / 2 ) 
where IF(ej), TF(c 2 )arethe energies of the electrons number 1 and 2 
supposed to be non-magnetic, calculated on the Bohr-Sommerfeld 
theory, after introducing suitable screening constants. IF (e*^) 
is the interaction energy due to electrostatic interaction between the 
two electrons. 

W(r) . Relativity correction. 

TF(si$ 2 ) .... Interaction energy between the spin vectors 
of the two electrons. 

IF (Mi) . . . . Interaction energy between the spin and 
/-vectors of the first electron. 

W(s x 1 2 ) .... Interaction energy 'between the spin of the 

first, and/-vector of the second electron, etc* 
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All terms of the above expression excepting W ( ei\ W (e 2 ) 9 
W involve Ro.'\ 

Heisenberg* showed from an application of Pauli's principle 
that the electrostatic interaction energy term has to be taken with 
opposite signs when p«r-(spins in opposite directions) and ortho - 
terms (spins in the same direction) are involved. As a proper 
understanding of the subject involves a knowledge of wave-mecha¬ 
nics, we do not pursue the subject any further at this place. Thus 
though the singlet and triplet levels arc due to antiparallel and 
parallel orientations of two spins respectively, the large separation 
is but an indirect consequence of the configuration. 

Let us now consider the separations amongst the component 
levels of a triplet group. For the particular case in view, we have 
1 1 =0, hence the relevant energy terms take the simple form 

A IF = TFM 2 ) + IFi Ms) + 1FM 2 ) 


Heisenberg showed that IF(.sq.s’ 2 ) and TF (,<?i/ 2 ) can both be 


neglected in comparison to 
TF (if 2 lj) when the effective 
nuclear charge ( Z— s)e is large. 
For TF(.*i/*)varies as (Z-s) n 
whereas W (.v 2 / a) varies as 
(Z-$) 1 . The entire triplet 
separation is therefore given 
by 

A IF- TFM*) 



Fig. 9b. The vector model of two-electron system. 


According to (44) on p. 422, IF Ms) — as 2 l 2 cos M 2 ) 

The coupling between s 2f l u l 2 , S> L ... is shown in 
Fig. 96 in which the radii of the unit sphere Osi represents S\ 9 

Oli represents li .and so on. In this case, the coupling 

between s 2 and / 2 is broken and»they individually precess about the 
y-axis of the resultant term, which • is due to the combination of 
resultant S and L. We have from Fig. 96, taking the spherical 
triangle Sis 2 l 2 

cos (s 2 h) 853 cos (Ss 2 ) cos (Sl 2 ) 

Then from the spherical triangle 8 L 1% we have 
cos (S l 2 ) ** cos (S L) cos (L l 2 ) 


* See Heisenberg's work under helium problem, § 279. 
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Hence we have dropping the dashes for the sake of convenience 
cos O '2 1 2 ) ~ cos (S L). cos (8 $ 2 ). cos (L l->) 

We have therefore 

Av = a1 2 $ 2 cos (S L). cos (S s 2 )• cos (L l ■•) 

== a LS cos(S/lj"-^~eos ( 8 s 2 )- ^ cos (IJ 2 ) j 

- A L 8 cos (ST.) .(16) 

where A — a j -~j* cos (Ss 2 ). ^ cos (LI 2 ) 



It is easily seen for all the three terms of a triplet group, arising 
out of coupling of any (s 2 / 2 ) electron with the 3 .s-cleetron, A has 
got the same value. We have therefore using the value 

-cos (SL) - [S (S + 1) - 1 - L (L + 1) - J 0/ + DV2SL, 


for »P 0 . . . J = 0, fl*=l, L ==1 . . -Av- 2 A 

3 Pi . . . J = 1, .- Av - A 

*P, . . . J = 2.- Av - - A 

Hence *P 0 = v 0 + 2.4, l\ = v 0 + A, ? P 2 - v 0 - A 


v 0 , the c. g. of the terms 


!| p 0 + 3 . ± 5._*p s 

i + 3 '+ if 


i.e., we assign the weights 1 , 3, 5, to the 'Po, s Pi, “Pa terms in 
accordance with the rule that <7 = 2 j + 1 . 

1 


We have further 


3 _P,_z S P 2 

•‘Po - 7 Pi 


The value of A can easily be calculated in terms of a. We have 
A = a £•**, cos cos Z 7 a J 

„„ r«»(*»+D + sj s+D-st (.'•,+1). 

[ 2 8 (.9+1) 


X 


l, (l.2+l)+L(L 
~2L (L 


y-D = _/ l (/ 1 +i)1 

l+ i) J 


We have S = 1, s 2 =«i = l, f = 0 , l 2 —L. Hence it follows that 

j-i,- 1 Ra ^Z-SpY 
4 2 n 3 M*s+!)-«,+1) 

For the 3 P-differencc, we put / 2 =. 1 , then we have 

lRa'(Z-S 0 Y 
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A is known from experimental data, hence with the aid of (17), 
(Z—Sq) can be easily calculated. For a few two-valence elements 

and ions, the value of S 0 .the screening constant, as calculated 

from the above formula is shown in the following tables. 


Table 8 .— Av - 2 ( 3 P 0 - *P 2 ) 


Spectrum 

Be 

B+ 

C+ + 

N+3 

0+4 

Av 

302 

22-8 

79L 

2041 

459*5 

So 

230 

219 

2-16 

214 



Table .9.—Av - 3 ( :} P 0 - 3 P 3 ) 


Spectrum 

Mg 

1 

Al+ 

; 

Si++ 

r+3 

Si+4 

C 1 +- 

1 

Av 

008 

1873 

39*4 

690 

1128 

1720 

So 

713 

6*55 

623 

604 

5-89 

577 


From this calculation, we find that two l.s-electrons and one 
25-electron produce the screening 2*30 in Be,. .. and it decreases to 
the value 2 in Be-like ions of high nuclear charge. For Mg, the 
Ls* 2 .2s 2 2//’.3.v . .. ?>., 11 electrons produce the screening 7*13 which 
steadily decreases in the Mg-like stripped ions.* 

278. The Helium-Spectrum—General Description.—In this 
connection, we may consider the arc-spectrum of helium. This 
element has the normal electron structure Is 2 and the excited states 
arise from the structure l-sw. The constitution is the same as that 
of the alkaline earth elements, and the helium spectrum should have 
the same general features as two-valence elements have. But no 
indication of such a structure was found in the early studies of its 
spectrum. 

Helium was, as is well-known, first discovered in the sun by the 
astronomer Sir Norman Lockyer in 1868 while observing the flash- 
spectrum of the sun during the total Solar Eclipse at Guntur in 
India. He observed a prominent yellow line 1 5875 besides the 

* The present discussion is based on a paper by S. Goudsmit and 
C. J. Humphreys, Phys. Rev., 31, 960, 1928. 
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yellow pair of sodium lines. As this line could not be obtained from 
any terrestrial element, it was ascribed to a new element, till then 
undiscovered, which was named Helium (after Helios , the Greek name 
for the sun-god). Thirty years later, helium was obtained by Sir 
W. Ramsay in the Nonveigian mineral elevite. ‘The spectrum of 
helium was studied in great detail by Kayser and Range for the 
visible, near infrared and near ultraviolet regions. They thought 
that as helium was the element next to hydrogen in the periodic 
classification, its spectrum would show great simplicity. This 
expectation, however, was not fulfilled. They found that the observed 
spectral lines of He were more complex than the hydrogen lines, in 
fact it could be classified into two distinct sets, each consist¬ 
ing of a sharp, diffuse, and principal series as in the case of 
alkali elements. The terms of each set and the prominent lines are 
shown in table 9 and in Fig. 10. The terms of first set were in 
those days never found to combine with the terms of the second set, 
and hence it was supposed that ordinary Helium was a mixture of 
two different elementary gases to which the names Par helium and 
Orthohelium were given. Hut all attempts to separate the two 
supposed constituents failed and the hypothesis of two separate 
elements has now been definitely disproved, though the nomenclature 
remains. It was further shown that the parhelium lines are all 
single , while the orthohelium lines are double . 

It was clear that the lines included in the series of Kayser and 
Runge did not represent all the lines due to He. Helium gas was 
found to be perfectly transparent to light from extreme ultraviolet to 
infrared, including all its emission lines. Hence none of the lines 
observed by Kayser and Runge represented the resonance line of 
helium. These were found by Lyman to lie in the region of vacuum 
spectroscopy and is shown in table 10. The resonance line is 
X 584*4, 1 S 0 “ 1 Pi, where 1 S 0 is the normal term of parhelium 
from Is 2 , and the next are X 5377, 522*2, 515*6 forming a Rydberg 
sequence. A diagrammatic view of the origin of helium lines, and 
term values is given in Figs. 10 and 11. 

It will be seen that while the parhelium terms are all single, the 
orthohelium terms have been represented as triplets in the Russell 
Saunders 9 notation, instead of as doublets. The separations of 
triplet terms must be however very small, as can be seen from 
table 9, where the orthohelium terms are represented as doublets 
as hpt ihe alkali elements. We shall return to their explanation in §279 
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Fig. 11. Bohr-dUgram for Hel, showing the resonance line >584*4 k. U. 
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The line X 5875*6, the original one which heralded the discovery of 
helium is Is 2 p 3 P - Is 3 d 8 D. One of the most interesting lines in 
the helium spectrum is the intercombination line X 591*6, 1 1 8 0 — 2 8 P, 
where 1 S 0 is the fundamental (parhelium) term and 8 P is an 
orthohelium term. 1 S 0 = 198307*9 cm" 1 corresponds to an ionisa¬ 
tion potential of 24*476 volts ; the resonance potential is 20*8 volts. 
These results have been verified by the electron bombardment 
method. Besides the lines given in table 10 there are many forbidden 
lines due to parhelium and orthohelium. The more intense of these 
lines with their transitions are indicated in the table given below. 


Table 11.—Forbidden lines in Hel spectrum . 


Transition 

Wavelength. 

Ortho or Parhelium 

2'S 0 -6'S 0 

34667 

Par 

2>P 1 -3iPi 

6631 8 


2iS 0 -3iD 2 

5042-2 


2 3 Si —5 3 Si 

2985 

Ortho. 

2 3 P 2 —3 3 P 2 

6067-1 


2 3 Si —3 3 D 3(2 ,i 

3809 05 

>» 


Besides showing the terms and transitions in the par and 
orthohelium spectrum, Fig. 11 shows also the effective quantum 
number for the various terms calculated from the formula n e = *JRjv. 
These at once show that all singlet and triplet d and /'-terms 
of He are almost perfectly hydrogenic. The p-terms of parhelium 
are also hydrogenic, but the p -terms of orthohelium are slightly 
non-hydrogenic. The .s-terms of both par and orthohelium are 
strongly non-hydrogenic. 

279. Theoretical Explanation of the Spectrum of Helium.— 

Theoretical attempts to explain the arc spectrum of helium have 
primarily been directed into two channels : first, a good number of 
attempts were made in the early days of quantum mechanics to 
deduce theoretically the ionisation potential of helium from purely 
mathematical considerations. In this case, we have to deal with the 
motion of two particles round a nucleus, the problem therefore 
reduces to a special case of the celebrated dynamical problem of 
three bodies which had remained unsolved since the days of Newton. 
Attempts were made by Bohr, Kramers and others to solve the 
problem by assuming special models, ^ by assuming that the 
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electrons are at the opposite ends of a diameter, or their orbits 
were tilted at 90° or 120° to each other. These attempts gave, as a 
rule, results at variance with the actual value of the I. P., showing 
that something fundamental was lacking in the assumptions or in 
the mathematical formulation of the problem. 

The second set of difficulties was about the multiplicity of the 
lines. The electron structure of the atom is Is.ux, and if Russell- 
Saunders* coupling holds, helium should give us singlet and*triplet 
terms and the singlets should contain the fundamental level 
Is 3 X S 0 as in the case of two-valence elements. In fact the spec¬ 
trum of helium should show the same structure as that of magnesium. 
The parhelium terms can be at once identified with the singlet terms, 
but a difficulty arises in the case of the orthohelium terms which 
instead of being triplets, are found to be doublets. Further no 
intercombination was found to occur between the two sets of 
terms in the visible range. 

These peculiar features of the He-spectrum were completely 
explained by Heisenberg.* He showed that the orthohelium terms are 
really triplets, and the large separations between the correspond¬ 
ing members of ortho and para-series (triplet-singlet separation) arise 
from the different signs of the electrostatic interaction energy- 
terms between the two electrons as mentioned on p. 555. As regards 
the remaining terms, we have as in § 277 

ATF= W{.s 1 s 2 )+W(s 1 l 2 )+W(s 2 l 2 ) 

But W ($i a 2 ) and W (,s'i /*) can no longer be neglected in com¬ 
parison to W (,v 2 l 2 ) as in §277, as here the nuclear charge is small. 
A rigorous calculation of W ( sis 2 ) and W (s\l 2 ) from wave- 
mechanics up to certain amount of approximation is to be found in 
an article by Bethe.f For Z = 2, the signs of W (st s 2 ) and W ( 

1 2 ) are found to be opposite to that of W (,s 2 £ 2 ) and of the same 
order, hence we no longer find 3 P 0 > 3 Pi> 3 P 2 * 

It was suspected from these considerations that probably the 
doublet terms are really triplets as in the case of other two-valence 
elements, only the separation between two terms was extremely 
small and anomalous. This hypothesis was put to experimental test 
for the lines 

X 6876 (D 3 ,2 3 P-3 3 D),X 4471 (2 3 P~4 8 D), X 7066 (2 3 P-3 8 S) 


* Heisenberg, Zs. f. Phy$< 9 39, 499,1926. 
t Vide SmekaTs Qrnnten, p. 377 
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by Hansen and Houston.* They used double interferometers of 
Fabry-Perot pattern, possessing large resolving power, and were 
able to show that the ortho-helium P-terms were really triple, as 
shown below in Fig. 12 for X 7066. 

In addition to its triplet 
character, the components show 
several very interesting points of 
departure from the corresponding 
1 P-terms of alkaline earths. We 
have in the alkaline earths :— 

# Po> 8 Pi > ffl P* ... .and 

ap _ j 

o— i_ ^ approximately 
*1 " m * 

But in helium 

*P 0 < ] P X < P 2 ....and 

*P 0 -n\ : 

for # P 0 =29222-85, 'Px =29223*84, 
8 P 2 =29223*93 

The d-term is also expected 
to be triple, but the separations 
13 seem to be extremely small and 

different workers do not agree in their values of the separations. 
The observation shows that the l P-term is inverted, and , P 2 » 3 Pi 
are so very close that they can be regarded as one term. This also 
explains the anomaly in the intensity of the components of X5876 
observed by Ornstein and Burger, t 
They found that the intensity ratio 

X 5875*62 :X 5875*96- S P 21 - 3 D : ;>P 0 - 3 D - 8 : 1 
This ratio does not agree with that for a doublet structure, but 
for a triplet structure, as shown in the following scheme : 




2 P. 

2 

2P S 


3 P 0 3 P, 3 P 2 

2 D| 

5 

1 

»D, 

15 12 —u u 



9 

1*2 

33+tt 12 -m 




D 3 

63 


* Hansen and Houston, Nat Acad. Sd., 13, 91, 1927; A$tr. Jour., 68, 
246,1928. 

f Ornstein and Burger, Zs. f. Phys^ 88, 57, 1924 ; 33, 487,1926. 
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We have to suppose that the 3 D* * * § s are merged into one level. Then 
we have, in case the terms are doublets, the following ratio for 
intensities:— 

*P* - *D : 2 P.g - 2 D « 5 : 1 + 9 = 1 : 2. 

But if we assume that the P-terms are triplet, we can suppose that 
since now 3 Pi ,2 merge into almost one level, hence the ratio of the 
intensities is 

3 Po“~'’ l D : 3 Pi„-*l) = 15 : 45 + 75 == 1 : 8 as observed. 

The Ionisation Potential of Helium and Ilelmm-likc Ions .— 
Hylleras and Kellner* obtained from wave-mechanics the value of 
I. P. of He and lle-like ions. Hylleras showedf that the 

I. P., is given by the following formula:— 

EjRh = [Z 2 - } Z + *3 1488- ’017 52/Z + ‘00548/Z 2 ] 

The spectrum of Li 4 1* is exactly similar to that of He and has 
been investigated by Schuler^ and Werner,§ and the resonance 
lines 1 S- 1 P were obtained by Erickson II and found to lie at 
X 199*263 A.U. The same investigators have also obtained the 
spectrum of Be 44- which is also He-like, and got the resonance line 
at X 100*250. The I. P*s of Li 4 and Be 44 are found to obey the 
formula given by Hylleras. 

After He, the other inert gases forming the zero group in the 
periodic table are Nc, A, Xe, Kr and Rn. They all form closed- 
shell structures with the outer configuration 2p u for Ne, 3 p if 

for A, etc. These structures are borne out by their high 

ionisation potentials and extremely complicated nature of their 
spectra. We shall treat the subject fully in Chap. XIY. 

280. Spectra of Three-Va!ence Elements.— According to 
the periodic classification the following elements possess the valency 
three:— 

5.B . . . . 13.A1 . . . 31.Ga .... 49.1n .... 81.Th. 


* Hylleras and Kellner, toe. cit. 

+ Hylleras, loc. tit . 

X Schuler, Zs. f. Phys ., 42, 487, 1927. 

§ Werner, Nature, 115, 191, 1924; 116, 574, 1925. 
ft Erickson and Edldn, Zs . f. Phys., 59, 656, 1930. 
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Let us now consider their spectra. Their electron-structure 


is shown below. 


5 B 

JIs* J 2*2 2p 

C+, N++, 

13 A1 j 

1 Is* 2s 2 2p 6 I 3p 

Si+. P++, 

31 Ga j 

Is 2 2s 2 2p 6 3s 2 3p 6 j 3d 10 4s 2 4p 

Ge + , Aa++, 

49 In j 

Is 2 'is 2 2 p e 3s 2 3/< 6 3 d'° 4s 2 4 ;j« j4d<° 5 s 2 5 p f 

5n+Sb++ . 


In all these elements, there is only one electron outside the 
closed shells, and it is in the w/?-state. The fundamental level 
is therefore giveu by the terms :— 


The duplicity is due, as in the case of the p-terms of the 
alkali elements, to the interaction of the /-moment with the spin 
of the valency electron. Let us take IB A1 as the representative of 
this group of elements. The structure diagram of A1 is shown 
below in Fig. 13, which shows that in the normal atom the valency 
electron is in the 3p-orbit. 
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1 he excited states 
are obtained by in¬ 
creasing the quan¬ 
tum number of the 
light electron 
successively. They 
are shown in the 
accompanying dia¬ 
gram. Here the two 
electrons in the 
3$-shell remain un¬ 
disturbed while the 
diagonal displace^ 
ment of the other 

electron gives rise to a doublet sequence of terms, as shown 
enclosed in rectangles. s 
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ax 


•4 p 

a). 






Fig. 18, The structure dUgr*m of AL 
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The term-values of Al are shown in the following table. 


Table 12 .— The term values of Al I. 


n 

wS terms 

nP terms 

wD terms 

3 


2 Pj 48168-87 ] 
2 Pj 48280-88 j 

Av 

■ 112-01 

*D| 15844-15 • 
2 D| 15845-49 J 

AV 
| 1-34 

4 

2293327 

zp jj. 

2P 1 

15316 48 | 
1533170 J 

■ 15-22 

2 D# 

■4 

9347-22 1 
9351-71 j 

■ 4-49 

5 

10591-58 

2p ? 

2p s 

8003-24 j 
8009-19 j 

[ 5-95 

2 D§ 

2D» 

6043-31 | 
6047-37 J 

• 406 

6 

6136-70 

2P| 

2p i 

4943-19 \ 
4946 01 J 

■ 282 

2 D| 

2 D| 

4112 09 \ 
4114 33 j 

2-24 

7 

4007-67 

2 P» 

5 

2p ! 

3350-6 | 
3352 6 J 

2-0 





The resonance lines are due to transitions 3p*-3d and 3p+-4s 
as shown in the following scheme for aluminium. The figures within 
brackets denote intensities of the corresponding lines. These lines 
have been obtained in absorption. 


Table 13.—Resonance lines of Aluminium. 



4 2 S 4 
22933-27 

3 2 D| 
15845-49 

3 2 Dj 
1584415 

3 2P 4 
4828088 

(10 R) 

X 394403 

v 23347 61 

(10 R) 

X 3082-16 
v 32435-39 


3 *P| 
4816887 

(10 R) 
3961-54 

v 25235-60 

(6R) 

X 3092-84 
v 32323-38 

(10 )R 

X 309272 

v 32324 72 


The important lines (with their intensities) in the spectrum of Al 
as well as their origins are schematically represented in the following 
diagram (Fig. 14) 






Hy. 14. The Bohr-Orotrlan dUgr&m of A! I. 
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The ionisation and resonance potentials of this group of elements 
can be easily calculated from spectral data and have been verified 
by electron-bombardment experiments. These are shown in 
table 14. 


Table 14.—The resonance ami ionisation potentials ofB, Al, Oa, In, Tl. 


Element 

2 2 P^ j. -terms 

2 Sj. -term 

Resonance 

lines 

2 p i, ? ~ 2S 

R. P. in 
volts 

( 2P *- SS >) 

I. P. in 
volts 
< 2p l) 

5 B* 

67544-61 Av 

675291 .( ir> . 5 

27504-6 

X 2496-8G 
v 40040 

X 2497-82 
v 40024-5 

4-942 

8-33 

13 Al 

48280‘88\ 119 . n 
48168 9 ) UJU 

22933 

X 3944 16 
v 2534694 

X 396168 
v 2523487 

X 4033-2 
v 24787 5 

X 4172-2 
v 23961-4 

3-128 

5-957 

31 Ga 

48379 8 -» R9fi 
47553-8 j 

23591 

3059 

5-970 

49 In 


222948 

X 4102 
v 24372-4 

X 4511-4 
v 22160 

3*008 

5-759 

81 Tl 

turn } 

22786 

X 3776 
v 26476-7 

X 5350 6 
v 18684-2 

3-267 

6-076 


That the p-terms are the fundamental levels can easily be proved 
by absorption experiments. Only the lines possessing the p-levels as 
final Orbits appear in absorption, as shown in the analysis of the 
absorption spectrum of aluminium in table 13. 


* E. A. Sawyer, Pkys. Rev., 29, 367, 1927 ; Bowen, ibid,, 29, 231,1927. 
R. A. Millikan and J. S. Bowen, Phys. Rev,, 26, 310, 1926. 


F, 7t 
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01 tho two fundamental states, Pj > P|, hence according to 
Maxwell’s law, the proportion of the atoms in the two states at the 
temperature Tis (galgt)e~ h ^ /cT , where g%, g-i are tho weights of 
the P| and P* - states ; they are as 2 : 4 = 1 : 2; Av = *Pj *- *Pj. 

This difference gradually increases with the atomic weight as 
shown in column 2 of table 14, and for T1 it reaches the large 
value of about '96 volts nearly. Hence for such elements, only 
the lines ending in 2 Pj are expected to appear in absorption. The 

lines having *Pj as their final orbits appear in absorption only when 

the temperature is sufficiently high to produce a sufficient number of 
atoms in the*Pj - state. 


281. Application of the Regular and Irregular Doublet 
Laws. —The doublet difference 2 P^ - 2 P : j can be explained in the 

same way as in the case of the alkali elements. 

We have, in this case, as in §221 


Av 


It a 2 (Z-o)* 
nHd+i) 


(18) 


The value of Z— c can be calculated when Av is known, e.g., for 
Al, Av = 112*07. 

Hence, putting n = 3, l = 1 in (18), we have 
Z—a — 5'674, a = 7'326 

The values of o calculated in this way for a certain number of 
three-valence elements and ions are given below:— 


Table 15 .—Av = 2*P 4 - 2 J P f 


Spectrum 

B 

C+ 

N++ 

0+ s 

F+4 

Ne+ & 

Na+« 

AV 

15-5 

66-76 

1793 

398-4 




0 

2-45 

2-332 

2-292 

2252 





The spectra of three-valence elements are thus seen to be 
extremely simple in their constitution. Some'doubt may be'expressed 
regarding the use of the term three-valence, for the constitution is 
ns* np, there is only one electron outside the closed shell ns 9 . But 
the shell ns 9 is not so solidly formed as np a owing’ to the smallness 
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Table 15a.— Av - 3 2 P 4 - 3 2 Pj 


Spectrum 

Al 

Si+ 

P+ + 

S+3 

C1+* 

A+5 

K+6 

AV 

11207 

287 

5595 

9502 

1500 

1 


0 

7 326 

6-82 

6-519 

6-318 

6147 




of the number of electrons and of large interaction of the wp-electron 
with the m*-shell, as both have the same total quantum number. 
In the case of alkali elements the interaction of the 5 -electron on 
the p-shell is small. Thus the 5-electrons in three-valence elements 
can easily be made to pass from the inner to the outer shell, 
producing the constitution ns. up 2 and giving rise to a complex 
system of lines given by the scheme 

ns 2 up ns. up 2 

2p 4 Pj 2 PDS 

transition ns •*- np. 

The calculation of terms arising out of ns. np 2 -combination really 
falls under complex spectra (Chap. XIV). Such lines have actually 
been observed for Al. Such transitions may be called inner tran¬ 
sitions (vide §340). 

In addition to these transitions, the second 5-electron is also 
found to pass to the p-level 

ns. np 2 np 3 

4 P, 2 PDS <- 4 S, 2 DP 

transition ns +- np 

The existence of these transitions justifies the use of the term 
three-valence spectra. 

The ionised elements Si + , P ++ , C +3 , C1+ 4 have also been found 
to possess spectra similar to that of Al. These have been investigated 
by Fowler, Millikan and Bowen and others,* and their resonance 
potentials corresponding to 2 P^ - 2 S| have been found to be 

8'08,14*54, 22*38 volts respectively. 

*Si+: 

A. Fowler, Proc. Roy. Soc. A, 103, 418, 1923; Phil Trans. A, 225, 
1,1926. P. K. Kichlu, Jour. Opt. Soc. Aw., 14, 455,1927. 

P++, S+ 4 , Cl 4 * 4 : J. 8. Bowen and R. A. Millikan, Phys. Rev., 26, 
0,282,1925; 31, $4, 1928. 
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282' The Exclusion-Principle of Pauli.— The Exclusion 
Principle which was first enunciated by Pauli to explain the non-exis¬ 
tence of a triplet term in an ns 2 -combination as described in §276a 
was further extended by him to include the p , d and /-shells of 
electrons, and afforded an explanation of the fact first suggested 
correctly by Mainsmith and Stoner that to fill a definite sub-level, 
a definite number of electrons is necessary, 2 for s, 2 for p±, 4 for p» 
etc. The principle has since proved to be fundamental in Atomic 
Physics. We shall now discuss it in detail. 

The principle has been enunciated as follows :— 

“ No two electrons in an atom can have all their quantum 
numbers identical ” 

As we have seen in Chap. X the motion of every electron is char¬ 
acterized by four quantum numbers n, l, 5, and m. The significance 
of these quantum numbers, though already discussed, may again be 
pointed out. n is the total quantum number; Z=/c —1 . .. represents 
orbital motion, the mechanical moment of the orbit being lh/2K and the 
magnetic moment due to this motion is /. eh/incm ; 5 represents the 
spin quantum number and it is always 4 for a single electron 
and the mechanical moment due to this motion is h/2it and the 
magnetic moment is I k/ 2k. e/mc . The inner quantum number j is 
the vector sum of l and s and has therefore the values l+l 
and l-\ for an one-valance element. The magnetic quantum number 
m is equal to j cos 0, and has the values 

m 1. 

Hence m represents a new degree of motion, viz., the tilt of the 
magnetic axis to any external field. The»four quantum numbers 
represent the four degrees of freedom possessed by an electron. 

Let us now find out how many electrons will be required to fill 
up an 5-orbit, say the K (Is), Li (2s) or Mi (3s), etc.... Now n, l , s 
are the same for the electrons, hence according to Pauli ; s principle, 
they must differ in their m-values, i.e ., the total number required to 
fill up any 5-level is equal to the number of possible w-values in this 
level. For an 5-level, and the possible w-values are $ and —J, 
hence two electrons are necessary to fill up an 5 -level. 

Similarly for the p-level, we have the sub-levels , 

for y ** h • *. P| or L* ... m «* — $ 

3 ** it • • - Pf or La ,.. m *** h 
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Hence there are six different magnetic levels for a ^-electron. 
Therefore the total number of electrons required to fill up completely 
a p-level is six as we obtain in the elements B to Ne whose electron 
structure has been shown on p. 533. 

Boron has the structure 2s 2 2 p, and gives a simple doublet 
spectrum discussed in § 280. But occasionally by means of electric 
discharge the states 2s 2p 2 , 2p* may also be produced. The spectrum 
given by carbon whose normal constitution is 2s 2 2 p*, and of 
subsequent elements is more complex, and cannot be discussed in 
this chapter. But in all these elements the structures 2s 2p x + l , and 
2 p x +~ can be produced by electrical discharge showing that the 
2tf 2 -shell is not so solidly formed. Thus the use of such terms 

as four-valence or five-valence elements for C, N, O.is 

justified. 

When we reach Ne, the p-shell is completed, we get 2ra=0, 
hence the resultant term is 1 S 0 , i.e., Ne is magnetically neutral. 
But all the intervening elements will show a complex set of spectral 
terms which are discussed in Chap. XIV. 

It is clear that after the Neon-shell is completed, the formation 
of 36- and 3p-shclls will begin, taking iis up to Argon 3s 2 . 3p 6 as 
shown on p. 533. 

After Argon the formation of 3d-shells begins. 

When an electron is in the (/-shell, we have 

1=2, j=i, or | 

For D.| , ?/«=!, i, —i, — |, D| , vi=\, f, 4 — l ~ 

Hence altogether, the (/-electron can assume 10 different magnetic 
levels. Therefore according to Pauli's principle, the number of 
electrons required to fill up a (/-level is 10. Similarly the number 
required to fill up an /’-shell is 14. For when an electron is in the 
/’-shell, we get the terms Fj, Fj, corresponding to which we 

obtain 6+8«=*14 magnetic levels. 

283. Magnetic Quantum Numbers for Strong Fields,— In 

order to illustrate the operation of Pauli's Principle, it is sometimes 
more convenient to make use of magnetic quantum numbers for strong 
fields, m$ and mi, which were introduced in §224, for explaining 
Paschen-Back effect The use of these numbers is also justified 
by the fact that in the majority of cases so far observed, the 
interaction between the electrons is of the Jtussell-Saund ers 
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type, ue. y the ^vectors of the electrons interact as if the /-vector 
is not present, the /-vectors interact as if the 5-vector is not 
present. 

We have for an 5-electron, /—O, 5=**i, mi = 0, m 8 « i, - 

Hence tlie number of different levels (m 8% mi ) are (&, 0) and 
(— 4, 0). The maximum number of electrons in the 5-shell is 2. 

For a p-electron 

5=4, m a = i, -4 
/—l, mi *1* 0,-1 

Hence m 8 and m% can be combined in 2 X 3 = 6 different ways, 
and corresponding to these 6 magnetic levels, G electrons are 
necessary to fill up a p-shell completely. 

For a ^/-electron 

5 = i, m 8 = i, - £ 

/ = 2, mi = 2, 1 , 0, - 1 , —2. 

So w* and w/ . . can be combined in 2X5 = 10 ways, and 10 
electrons are needed to fill up the d-sheli completely. 

284. Formation of Elements after Argon.— After Argon, 

which has the constitution l5 2 . 2s 2 . 2 p 6 . 3s 2 . 3 p G , the fourth period 

begins. The next level is 3d and for the next element K, the 
nineteenth electron should find itself in the 3d-shell, and K should 
show properties considerably different from those of Na. But we 
know, as a matter of experience, that K has very nearly the same 
chemical and spectral properties as Na, hence the electron must 
be normally in the 45-orbit and not in 3d, though the latter has a 
smaller total quantum number. The energy-value of 45 is actually 
found to be larger than that of 3d. This is explained by the idea 
of penetrating orbits. The 45-orbit, as explained on p. 640, is 
strongly eccentric. Hence the electron penetrates the shell, and the 
energy value is much increased. The 3d orbit is hydrogenic and 
hence its energy-value is very nearly equal to Bh/3 2 . Actually it is 
13470, which is slightly larger on account of the strong polarisa¬ 
tion of inner orbits by 3d. Even the 4p-orb*t K is larger than 3d, 
for this is also strongly eccentric. For die next element Ca, the 
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constitution should be 4s 2 , otherwise the similarity of its chemical 
and spectral properties to Mg which has the constitution 3s* cannot 
be explained. But the next element Scandium cannot have the 
constitution 4.v 2 .4p, for then it would have the same chemical pro¬ 
perties as Al. 

This is far from being the fact, as a glance at the Periodic 
Classification on p. 526 shows. In fact Sc has chemical properties 
which are rather widely different from those of Al. The spectrum of 
scandium is also found to be more complex than the very simple 
spectrum of aluminium discussed in §279 From these facts, it is 
concluded that Sc has not got the aluminium-like constitution 4 s 2 . 
4 p, but the entirely new constitution 


21 Sc 


. ... M 4s 2 1 
.... M 2 4 s I 


The possibility of these new constitutions can be seen from the 
following arguments. Sc + ++ has just the same constitution as 


Argon, viz., 


Is 2 . 2s 2 . 2 p\ 3s 2 . 3 p c> 


When we bring a fresh 


electron to form Sc ++ , the electron may be either in 3 d or 4s-shell 
giving rise to the alternative structures 


Sc ++ . . . 3 p\ M or 3 p\ 45. 

Which of them has the less energy-value ? In K and Ca + , which 
have got the same number of electrons as Sc ++ , evidence of spectra 
tells us that 3 p G . 4s has the lesser energy, and is more fundamental, 
but even in these atoms, the d-terms are somewhat abnormally large 
as shown in the following table. 


Table 16. 


Element 

is 

ip 


K 

35006 

22020-8 

21963 

13467 

13471 

Ca+ 

95719-2 

70528-7 

70305-7 

82008 

82069-5 

Sc++ 

174156 

1375908 

137117-1 

199693 

T1+++ 

268439 

220905-3 

220086-9. 

348817 
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Thus in Ca + ,the 3tf-terms very nearly approach the 45-term in 
value, and are larger than the 4p-terms. Bohr postulated that in 
Sc^" + and subsequent elements like Ti +++ , ,V +4 Cr +5 , the 3tf- 
terms will be actually larger than the 45-terms, and will constitute 
the normal terms. These predictions have actually been verified, as is 

seen from the following 
Moseley curves. In the 
case of Sc ++ though the 
45-orbit is eccentric, yet 
it can be proved that on 
account of the high value 
of the central charge 
its energy value is less 
than that of the 3d-term. 
Hence Bohr's conclu¬ 
sions are justified. 

As the normal constitu¬ 
tion of Sc ++ is 3p (] 3d the 
constitution of Sc + will be 



Is* 25* 2 p« 3s 2 3 p c ' 


Sc + .... 


Is* 25* 2p 6 3 5* 3 p 6 


3 d* 

3d As 


the 20th electron may be caught in 3d or 45-shell. There is a com¬ 
petition between the two levels 3d and 45 for capture of the electron. 
But for calcium, the normal constitution is different 


Ca .... 

The configuration 


Is 2 25* 2 p e 3 5* 3 p 6 


15* 25* 2 p« 3 5* 3p 6 


is 2 ... ^o:- 49305 
45. 3d gives the terms 


2 a,=28969, 28955, 28933, 1 D*=27455 

Since for Ca + . .. 3 p* 4s . has the lesser energy value, the 3 p*. 45 . 3 d- 
structure gives rise to the large D-terms in Ca (for a similar reason in 
Sr and Ba) as explained earlier, which differentiate them in some mea¬ 
sure from the group Mg, Zn, Cd, Hg. They are also found to behave 
somewhat differently in their chemical behaviour and are therefore 
placed in the odd-group. There is thus a difference in the electron- 
structure of Ca and Sc + though both have the same number of 
electrons. There are other fundamental differences between the Ca 
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and the Mg groups to which we shall return later in the chapter on 
Complex Spectra. 


285. Formation of Transitional Group of Elements— When 
a fresh electron is brought to the Sc + -shcll it may be caught either 
in the 4.9 or the iW-shcll. The constitution therefore becomes:— 


Sc+ 


Is* 2s* 2p‘ ! 3s* 3p' ! 3d* 


Is* 2s* 2p” 3s* Sp n 3d.4s 


Is* 2s* 2 p n 3s* 3 p* 3d* . 4s 

Sc -- - 

Is* 2s* 2p B 3s* 3 p* 3d . 4s* 


The structure 3 p n 3d :i though possible, is not actually found. 
These structures have been completely confirmed by spectroscopic 
analysis which will be discussed in Chap. XIY. When we take 
the elements after Sc wo expect that the fresh electrons will continue 
to fill up the 3d-shcll till it is saturated. For Ti, the structure is 

| Is* 2s* 2p° 3s* 3p° | 3d’ .4s 

22 Ti ... . ~ 

| Is* 2s* 2 p u 3s* 3| 3d* 4s* 

and generally for the elements coming after Ti the structure is 

3p r> . 3 d x 4 8 

or 3 p* . .4.v 2 . 

This state of affairs will continue till the rf-shcll is completely 
filled up. According to Pauli’s principle, the (/-shell is completed 
only when .r~10. The group therefore closes when we reach the 
29th clement copper, which has the constitution:— 


3rf l0 4* 2 Si - 62308*00 

3d 9 4s* *Da | = 51105-3, 490G2-6. 

Thus the group of elements 21 Sc to 28 Ni possesses the outer 
structure 3d*. 4s or 3d* -1 .4s* and hence they are tinlike any other 
preceding elements. They constitute a group with entirely new 
chemical properties. They have got variable valency of two or three, 
their salts are always strongly coloured, and most of them are 
strongly paramagnetic, and Fe, Ni and Co are ferromagnetic in the 
solid state. On account of these strongly marked characteristic 
properties, Thomsen put them in an entirely new group enclosed 
' . F. 73 - .il ¬ 


ls* 2s* 2 p n 3s* 3p n 

29 Cu 

Is* 2s* 2 p n 3s* 3 p e 
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within a vertical oblong in Fig . 1, and called them the First Transi¬ 
tional Group. This classification has been completely justified by 
considerations of electron structure, as described above. 

On account of their peculiar electron-structure, the spectra 
of these elements are extremely complex, consisting of thousands of 
lines, the origin of most of which has however been explained from 
Pauli's Principle as will be discussed in Chapter XIV. We shall 
now proceed with consideration of formation of the remaining 
elements, after devoting a few remarks to copper. 


Chemical and Physical Properties of Copper. 

When the transitional group is closed, we come to copper which 
has got the normal constitution 3d 10 4s. The 3d ,0 -lcvcl gives us a * 80 - 
term and hence the Cu + -core * is magnetically neutral like an inert 
gas. The electron in the 4s-level gives us a doublet 2 Si -term as the 
fundamental level (02308 cm” 1 ). The constitution of the excited atom 
is obtained by increasing the quantum numbers successively and form¬ 
ing the structures 3d 10 4 p, 3d 10 4d, 3d 10 5s. It is apparent that these 
structures give rise to alkali-like terms, and consequently copper is, 
in certain respects, exactly similar to the alkali elements in its che¬ 
mical properties, and in its spectra. This is verified by the existence 
of monovalent compounds like Cu 2 Cl 2 , Cu 2 0 as well as by 

the existence of doublet lines which Table IT 

can be grouped in a fundamental v ^ 

doublet spectrum like theailkali lines. 2 p 7 ^ 

It has been found from the analysis of ^ \ ■ 

the copper spectrum that the resonance 2 g^ \ 327397 A, 3247 5 

lines arise as in table 17. G‘2308 

But besides these doublet lines, the arc spectrum of copper shows 
a large number of other lines which cannot be explained on the above 
basis. These include the strong green line which impart to flames 
Table 18. sprinkled with copper salts their 

31773 31524 characteristic green coloration. That 

_ ^ _ 2 ^2 these lines are connected with the arc- 

*D, spectrum can be seen from the fact 

49062*6 X5782*13 X 5700*25 that they arise from the 3d 1 °4p-levels 

referred to above, and can be 
51108 ' 6 X 5105*58 arranged as shown in table 18. 


V *p 

31773 

31524 

4.s ' x 

2Pl 

2 

*P| 

G2308 

X 3273 97 

X 3247*5 


Table 18. 

31773 31524 

49062*6 X 5782*13 X 5700*25 
611056 X 5105*58 


* Spectrum of Cu+; A.Q. Sbenstone, Phys. 2$, 380,1927, 
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This analysis * shows that copper possesses besides the funda¬ 
mental 3d 10 As 2 S.$ - level, two large metastable *D levels possess¬ 
ing the values 2 D» = 51105*5 and *D .j — 49062*6 cm.** 1 . 

These levels have been ascribed to the electron-structure 

3d 9 . 4s 2 

in copper we have 11 electrons outside the 3p <; -shell, but we can 
put ten of them in lid and one in 4>\ or nine in 3d, two in 4.s. The 
structure 3d° gives inverted 2 I)-terins, and 4 s 2 gives us an 
1 8 0 -tcrm, Thus we get the metastable *D-levels. 

It is supposed that the 3d 9 . 4.v 2 -structure gives to copper some 
of the properties of the transitional group, enabling it to form diva¬ 
lent compounds like Cu Cl 2 , CuO, etc., ... while the normal Cu-atom 
forms monovalent compounds. 

When copper is excited, one electron may be shifted from 4 s to 
orbits like 4p, 4d , . . . . giving rise to structures like 

3d 9 . 4 s. 4p, 4d 9 . 46*. 4d,. 

which give us the quartet and doublet type of optical terms, and 
thus account for the complexity of the arc spectrum of copper. 

These terms can be treated only under Complex Spectra . 

286. Formation of Elements after Copper.—After copper, 
we get zinc which possesses the structure 

30. Zn .... Is 2 . 2s* 2 p\ 3* 2 3p (5 3d 10 . 4s*. 

No other alternative structure is possible. Thus zinc possesses 
strongly bivalent properties like Mg and possesses the same type of 
singlet and triplet spectrum. The elements after zinc arc formed by 
bringing electrons to the 4p-shells as shown below:— 

31. Ga |l* f 2s 3 23s 2 3 p n j 3d 10 4a*. 4 p .. .. Gc+, As+ + 

32. Ge |l.s 2 2s 2 23s 2 3 p Ci | 3d 10 As 2 4 p 2 

33. As \ls 2 2s* 236* 3| 3d 10 4#* 4 p* 

34. Se |bv 2 2 cS* 2 2p 6 36* 3p 6 | 3d 10 46* 4 p i 

35. Br Is 2 2s 2 2 p G 3s 2 3 p C} 3d 10 4 s 2 4 s b 

36. Kr Is 2 2s 2 2p 6 3s 2 3p« 3d 10 4s 2 4 

♦ A G Shenstone, Phys. Rev.. 28, 449, 1926. P. K. Kichlu, Ind. Joum. 
Phys.yi, 401,1926. 
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Thus in these elements, the properties of the regular group are 
repeated as shown in Fig. 1 with the aid of inclined strokes joining 
corresponding elements. The spectra of these corresponding elements 
have identical structure. 

287. Formation of the Fifth Period. —After the completion 
of the fourth period the formation of the fifth period from 37 Rb to 
54 Xc begins. The story of its formation is exactly similar to that 
of the fourth period, and it can be divided into three sections :— 

(a) 37 Rb | Is 2 2s 2 23$ 2 3/ 3d 10 4s 2 . 4 p c ' os 

38 Sr Is 2 2s 2 2 p G 3s 2 3p G 3d 10 . 4.v 2 4 p* | 5s 2 . 

The 37th electron does not pass to the 4d-shell but to the 5,s- 
shell as in K. Similarly for Sr. 

(b) The elements after Sr ... 30 Y to 46 Pd ... are constituted in 
the same way as 21 Sc to 28 Ni and form the second transitioned group. 

These elements, however, possess more alternate structures for 
their ground states than the elements of the first transitional group. 
Their structures are shown below :— 



Common core: 

Is 2 2s 2 

2p R 3s 2 3p 6 3d 10 

4,V 2 4p° 


39Y 

40Zr 

41Nb 

42Mo 

43Mh 44Ru 

45Rh 

46pa 

4 d 5.s 12 

4 d 2 5 s 2 

4d 4 5s 

4d 5 6s 

4^ 7 5s 

4d 3 os 

4 rf"> 

Ad 2 5s 

4 d 3 5s 

Ad 3 os 2 

4d 4 5 s 2 

— Ad 8 


Ad 9 5s 

4 d* 

4 

Ad i 


4rf6 5s 2 

4 d 7 5 s* 

Ad* 5s 2 


These states have actually been verified, and they account for 
the very great complexity of their spectra. 


The 47th element Ag has the constitution 4 d 10 os and like 

copper, it possesses an alkali-like doublet spectrum, and forms 
monovalent salts like AgCl, Ag 2 0. It does not however seem to 
possess a strong 4 d u . 5,v 2 -structurc like copper. 

(c) The elements after silver are formed in the same way as 
the group 29 Cu to 36 Kr by the filling up of the 5s. 5p-levels by 
fresh*electrons as shown below:— 

Common core: Is 2 2 s 2 2 p* 3 s 2 33d‘° is 2 4p 6 4d 10 5$ 2 

48 Cd 491 50 Sn 518b 52 Te 531 54 Xe 

...5s 2 5s 2 5p 5 p 2 5 p 3 5p 4 i 5 p* 5p 6 
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We may add to these Cs and Ba belonging to the 6th period. The 
constitutions of these two elements are: 


55 Cs... Is* 2s*. 


5 p e ‘ 6s. 56 Ba 


Is 2 2s 2 


5p“ 6.s' 2 


These elements show the same characteristics as the pairs K 
and Ca, lib and Sr; only the metastable (7-terms are comparatively 
much larger as shown below. 


Table 19. 


Element 

6s 

' K h>\ 


V 

»ejs* 

Cs 

314016 

16905 

807 

20226 

19672 

6932-6 

Ba+ 

80655 

75781-7 

63391 

32397 

74980 

68703 

32172 


For barium, the term-values are 

6 #*-. . . . % =42029 6* 6 p ... . 1 P 1 =23969 

6.s od . . . 1 D 2 = 30634 3 P 0 = 29763 ] 

3 D 1 - 329951 3 P x = 29393 1 

3 D 2 = 814 f *P,= 28515 J 

:i D 3 = 433 J 

The above figures illustrate the abnormally large metastable 
orf-terms quite clearly. We shall return to detailed considerations 
of these terms in Chap. XIV. 


288. The Rare Earths. —We shall now consider the elements 
after barium. A glance at the Periodic Table on p. 527 shows that 
we now come across a new group of elements (from 57 La to 71 Lu) 
with entirely new properties not shown by any group of elements 
occurring before. Most of these elements were discovered in the 
Scandinavian peninsula, (which is one of the oldest land masses on 
the surface of the Earth), amongst eruptive deposits, and were at first 
thought to occur in extremely small quantities. They were subsequent¬ 
ly traced in similar geological formations in other parts of the world 
and have been found not to be so rare as at first thought. Almost all 
show strong trivalency, forming oxides having the formula M 2 O s or 
chloride MC1 3 , though a few, at the head of the group, form other 
oxides (e.g., 58 Ce forms stable Ce0 2 , Ce 2 O s being unstable). On 
account of the extreme similarity in the properties of these elements 
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their separation from each other by methods at the disposal of the 
chemists was found to be an extremely difficult task. Life studies of 
these interesting elements were made by Urbain, Auer von Welsbach 
and others, and special treatises in chemistry should be consulted 
for more detailed information on them. 

On the physical side, it was found that most of the compounds 
containing these elements were strongly paramagnetic. The spectra 
were found to be extraordinarily rich in lines surpassing even 
elements of the iron group. 

Great controversies had taken place in the past concerning the 
identification of these elements or priority in discovery by indepen¬ 
dent investigators, for which the curious reader may consult special 
treatises on the subject. But the investigation of the characteristic 
X-ray spectra of these elements settled once for all the identity of 
the elements, and their sequence in the Periodic Classification. 
Before 1921, only two elements in the group, viz., No. 61 and No. 72 
had remained undiscovered. 

It was at this stage that Bohr considered these elements from 
his theory of atom-structure or electron-composition of atoms. 
His views may best be illustrated with the aid of a chart (table 20) 
giveu on p. 583, which illustrates in a picturesque way, the forma¬ 
tion of successive shells of electrons, as well as the spectra of 
elements. By glancing at the chart, the reader can at once find 
out how with its aid, the discussions given in the previous para¬ 
graphs regarding the formation of various groups, and the electron 
composition of the elements are clearly visualised. 

In this diagram, we have written the levels with the same k 

diagonally (Is, 2s, 3s .; 2/7, 3/;, 4/7, . . . , Again the sub- 

levels , /7» , dg , (in , ..... have been combined, as the record of 

complex spectra shows that the splitting of the w K -lcvels is rather 
artificial. The number of electrons filling any /c-level is given by 

Nk » 2 (24—1) 

according to Pauli’s exclusion principle as explained in §282, With the 
aid of this and the evidence of optical spectra as guide, the entire scheme 
of electronic composition of atoms has been built up. The chart visualises 
the composition very clearly, Thus let us take the elements O and S. 
They have the compositions : 

80 .... Is* 2s* 2pi 
16 S . . . la* 3s* 2p«3a* %>♦ 
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Table 20. — Electron-Composition of Atoms. 



3 Li .... 2s 

4 Be .... 2s* 


5 B. 

6 C. 

7 N 

8 O 
OF 

10 Ne 


2s* 2 p 


2is 2 p 

2 6 


11 Na.. 3s 

12 Mg.3.s* 

13 Al.. 3.s s 3p 

14 Si .... 3p* 

15 P .... 3p* 
10 S .... 3/)* 


Transitional Transitional 
Group I Group II 

21 Sc .. 3d 4a* 39 Y .. 4d 5** 

3d’ 4* 4d* 5* 

22 Ti. . 3d* 4a* 40 Zr .. 4d* 5a* 

3d’ 4a 4d a 5a 

23 V.. 3d’ 4a* 41 Nb. ,4d s 5a* 

3d 4 4a 4d 4 5a 

24 Cr .. 3d 4 4a’ 42 Mo..4d 4 5a’ 

3d* 4a 4d* 5a 

25 Mn . 3d* 4a* 43 Ma.. 4d* 5a’ 

3d* 4 a 4d* 5a 

20 Fc .. 3d* 4a’ 44 Ru. ,4d' 5a 
3d’ 4a 4d’ 

27 Co.. 3d’4a 1 45 Rh ,4d’5a’ 
3d" 4s 4d s 

28Ni..3d 4 4^40IM..4d'° 
3d 9 4a' 4d !l 5a 


Transitional Group III 
and Rare Earths I 
| 4d l0 5a*5p" ' 

57 La.‘ 5d Os’ 



58 Ce . 

. if . 

5 d 

6a’ 

59 Pr . 

■ if'. 

,, 

,6a* 

50 Nd. 

. if * . 

, # 

.6a’ 

6111.. 

.if . 

. if . 


Oa’ 

62 8m. 


Ga* 

63 Eu. 

.if'. 


Ga* 

64 Gd . 

.if' ■ 


6a’ 

65 Tb. 

Af'. 


Ga* 

66 Dy. 

.if‘. 


,G*» 

67 Ho. 

, 4/ 10 


.Ga* 

08 Er. 

.if" 


.Ga* 

69 Tm 

.4/'• 


, Ga* 

70 Yb. 

.4/”. 


Ga* 

71 Lu. 

.if 1 *. 

bd 

Ga* 


. 4/> 4 . 5d* Ga* 
. 4/ 14 .5d s Ga’ 
. 4/ 14 .5d 4 6a* 
. 4/ 14 .5d* 6a’ 
4/' 4 . 5d* Ga’ 
. 4/* 4 . 5d’ Ga* 
.4/' 4 .5d*Ga’ 


47 Ag 4rf l0 5 s 

48 Cd..5s® 

49 In.. 5s 2 5p 

50 Sn ... 5 p 

51 Sb ... 5 p' 

52 Te ... 5 p 

53 I .... op 

54 Xe ... 5n‘ 


37 Rb.5a 

38 Sr . 5s 


79 Au 5d 10 6s 

80 Hg. .6s 8 

81 T1..6#*0p 

i82 Pb.... 6 p 2 

83 Bi ... 6p" 

84 Po ... 6» 4 1 55 Cb . ,6a 

85 — ... 6p® 

86 Rd .,, 6»® 


87 -. .7a 

88 Ra .7s’ 
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The inert gases end in closed shells xp a , where sc=2 for Ne, 8 for 
A, . . . . The composition of regular groups is shown on the sides, and 
that of the transitional groups at the top with indications (by dotted lines) 
of their proper places in the scheme. 


Wc have considered up to Ba which wc found has the composi¬ 
tion 


56 Ba 


Is2 2sI 2 p* 3s* 3p« 3rfio 4s* 4p« 4d>° 


4 f 


5s 2 5p6 
Gs 2 


M 
6 V 


What will be the state of the electrons which are next brought 
to form the elements with higher nuclear charge ? 

We find that there are various possibilities. The electron may 
be in the 4 f> 5 <1 or 6/; shell. In fact, even when the elements 
47 Ag to 56 Ba were being formed, there was just the probability 
that the 4/’-shcll should be occupied. But actual experience shows 
that this does not take place, and it can be expl&ined from the idea 
of penetrating orbits. For the 4/’-shelI corresponds to a circular 
orbit, as h =4, n r ~ 0, hence the energy of a 4/’-electron in Ag 
is expected to be — JR/4 2 =12352 cm.* -1 approximately. But the 5s 
and 5 p shells are very strongly eccentric and hence the energy of 

binding is much larger. In fact o.s 2 S, for Ag is 61096 cm." 1 , and 

2 ' 

5 p 2 Pi — 31543*6. cm. -1 Hence the 5s and 5 p shells are filled by 
preference giving rise to elements Ag to Xe (5 p tt ) and after that to 
Cs and Ba. But in Ba, as mentioned before, the 6s M combination 
is nearly as strong as 6s 2 . What happens afterwards ? 

Bohr concluded from general considerations that the further 
electrons brought in will not pass to 6p, but either to 4 f or 5 d. 
Thus the next elements will probably have the outer shell composed 
as follows: 

4 f 5d 2 6s, 4f* M 6s 2 


i.e., the electrons will be distributed amongst the 4 f, 5 d and Gs-shells. 
6s cannot contain more than two, and later work has shown that 5 d 
contains at most one or two. In fact the structures giving rise 
to the lowest term in La have been found to be 


57 La.5p«5d*6s, 5p"5d 6s* 

As more electrons are brought they are accommodated iu the 
4^-shell, 
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In fact, a discussion of the paramagnetic properties of the com¬ 
pounds of these dements shows that the trebly ionised atom has the 

constitution 4 f X . 


Composition of trebly ionised rare-earths. 


Common core: [Is* 2s 2 2p * 3»* V 3d 10 4s* 4p" 4d'° 5#* 5p*j 


Moment 

Electrons 
in /-shell 


(58Co Pr Nd 11 8m Eu Gd Tb Py FTo Er Tm Yb Lu)++ + 
1 2 3 456 789 10 11 12 13 14 


According to Pauli’s Principle, the /-shell can accommodate 14 
electrons, hence correspondingly we get the fourteen elements from 

57 La to 71 Lu.* The trebly-ionised atom has the constitution 4/*. 
When fresh electrons are brought, they are distributed over 5 d and 
(i.s according to energy relations. The exact composition of the outer 
shells of the neutral elements, at the time when Bohr gave out his 
hypothesis, could not be predicted. 


289. The Discovery of Hafniumf. —But it is clear that 
according to the above hypothesis, the composition of the elements 
at two limits, (57 La and 58 Co at the beginning of the rare earth 
group, and of 70 Yb and 71 Lu at the end) is somewhat problematic. 
This agrees also with some characteristic deviation of the properties 
of these elements from the rest of the rare earth group. In fact, 
some chemists prefer to exclude La from the rare-earth group. In 
its chemical properties. La is strikingly similar to 39Y. We may 
suppose that it has the composition .... 5 d £ (i.s, or M 6s 2 rather 
than 4 f 5 d (i.s. But after La, the 1/-shell begins to be completed. 
So 58 Co will have the composition 4 f 5r/ 2 (i.s or Af 5r/ (i.s 2 , and it 
falls under the rare-earth group. 

Let us next consider what will be the composition of elements 
71 and 72 ? We have the alternatives 

71. Lu 4/ 14 5rf 2 (is \ 72. Hf 4/* 14 M 2 '6**1 

5 d 6s' 2 J 5d H 6s J 


* Element 71 is called Lutecium by the French workers after Lntetia , 
classical name for Paris, but was named Cassiopeium by Alter von 
Welsbach, and is so called by the German writers. 

f An excellent account of the discovery of Hf will he found in 
the article by F. Paneth, Ergebnissc der exakten Naturunssenschaften , 
2, 163, 1923. See also Gr. Hevesy, Chemical Analysis Inf X-rays , 
Chaps. XI-XIV. 

F. 74 
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At the time these speculations were being made, element 72 was 
still undiscovered, though a claim had been made for it by Urbain 
who called it Celtium. Urbain thought that Celtium was trivalent 
and had properties similar to those of the rare earths. But Bohr's 
investigations showed that for 72, the 4/-shell was complete, and 
the four extra electrons formed the combination 5 d 2 6s 2 , exactly like 
22Ti (3d 2 4s 2 ) or 40 Zr {id 2 4s 2 ). Hence Bohr thought that 72 was 
not a rare earth at all, but must be similar in properties to Ti andZr. 

These expectations were fulfilled. As elements similar in 
chemical properties are generally found associated in the same 
geological specimens, Bohr directed Hevesy and Coster* to look 
for the u new element" in some Zircon minerals (Norweigian 
Zircon). These investigators attacked the problem rontgeno- 
grapliically, and were rewarded in their first attempts. The 
L-lines of the element 72 appeared in their calculated positions, with 
such intensity as to convince the investigators that the element was 
contained in the sample in fair proportion. The X-ray spectra of 
Hf are shown in photograph (Fig. 16, Plate IX) reproduced from 
the original due to Hevesy.f 

In fact all commercial salts of Zircon contain about 5% Hafnium, 
and it occurs in the earth’s crust in the proportion of 1 : 10" 5 . It is 
thus only five times less plentiful than nickel. 

To the new element, the name Hafnium was given in honour of 
Bohr’s native city ‘ Copenhagen ’ which is the English rendering of the 
Danish name 4 Ham ’ meaning port. 

The optical lines of Hafnium were afterwards photographed by 
HansenJ; they have also been classified and it has been shown 
that normal electron-composition is 5 d 2 6s 2 . It was found that the 
stronger lines of Hf were recorded by Eder and Vaienta in the 
spectrum of Zr much earlier and were ascribed to impurities. 


290. Discovery of Elements of Atomic Numbers 43, 61, 
75.—Besides Hafnium, a number of other elements in the periodic 
table remained undiscovered up to 1927. These are number 
43, 61, 75, 85 and 87 in the Periodic Table. Of these, 43 and 


* D. Coster and G. De Hevesy, Nature ,, 111, 79, 1923. 
f Hevesy, Chemical Analysis by X-rays, p. 226. 

* Hansen, and Werner, Nature, , 112, 618, 900, 1923 ; Naturwiss , 12, 
528, 1924. 
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75 were predicted by Mend£leeff to be analogous to Manganese in 
their chemical properties (vide Periodic Table 1, p. 526), and were 
called by hirn Kka and Thv i-mangane.se respectively {Elm is a 
Sanskrit word meaning one, Dwi means two). 61 is a rare-earth, 85 
should belong to the halogen group ( Eka-iodine ), and 87 should be 
an alkali-element, like caesium (E/m-me.si/nm). 

In 1925, 43 and 75 were discovered by Noddack and Tacke* * * § 
and were called Masurium and Rhenium. They expected these two 
elements to occur together on account of general similarity in their 
chemical properties, and looked for them in the mineral colombite 
Pe (NbOa)a and in the ore called Platinum earth which were known to 
contain large number of neighbouring elements, m., 24 to 29 ; 44 
to 47 ; 76 to 79. Colombite was the source mainly tried, the other not 
being available. The source was subjected to suitable chemical 
processes to concentrate the proportion of elements having the pre¬ 
dicted properties of Eka and Dwi-manganese. When a concentration 
of about 1% was supposed to be attained, the source was subjected 
to X-ray analysis by Berg and Tackef. To obtain standard lines 
for comparison it was mixed with some niobium compound. By 
this method they were able to identify lines of 43 Masuriumt and 
75 Rhenium.§ Re is now available in the market, but Ma is not. 

Element 61 has been claimed to be discovered by Harris, 
Yntema and Hopkins!! (1926) iu the University of Illinois, U.S.A., 
and called Illinium by them, and by Ilollaf in Italy, and called 
Florentium. 

The elements Eka-iodine, and Eka-cnesium have not yet been 
discovered. 

291. Elements after Hafnium. —The elements 73 to 78 form 
the 3rd transitional group having the compositions 4/ 11 5r/*6s 2 , or 
5rf c + l 6.s. The last element is Pt whose electron composition is . . . 

* W Noddack, I Tacke and 0. Berg, Naturwis 13, 567, 1925. 

f An excellent account of the discovery, analysis and properties of Re 
will be found in an article by W. Noddack, Ergcbnisse dvr Exaktcn 
Naturwissnischaftcn , 6 , 333, 1927. 

t Masurium—so called after the Masurian lakes in East Prussia where in 
1914, during the Great World War, the invading Russian army was routed 
by the Germans. 

§ Rhenium— named after the Rhineland province in Germany. 

it J. H. Harris, L. F. Yntema and B. S. Hopkins, Nature , 117, 792, 
1926. 

1 Rolla and Fernandes, Zs. f. Anorg. Chem 157, 371, 1926. 
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5rf 9 6s, or fid 10 . After this we come again to the regular group 
79 Au to 86 Ru having the compositions shown below. 

Composition of 71) Au to 88 fto- 


Common Coro: [1*2 2*2... 4** 2 4/>« 4c/ 10 4/* 14 5* 2 bp* 5c/ 10 J 


Element 

79 Au 

80 Hg 

81 T1 

82 Pb 

89 Bi 

Composition ... 

Gs 

O.S‘2 

6s 2 6 }> 

(is 2 (ip 2 

GaWp 3 

Element 

84 Po 

85 — 

8G Hn 

87 - 

88 Ra 

Composition ... 

Gs 2 G p* 


6» 2 6/< s 

()* 2 (>//*' [ 
7s ) 

6* 2 6/> 6 ( 
T* 2 j 


Of these 87 is still unknown, and 88 Rn has chemical properties 
similar to Ca, Sr, Ba. 


Eliom ents afiiok Radiim. 

Only four elements are known alter radium, and they are all 
radioactive. 89 Ac is generally separated with La in chemical 
analysis, and 90 Th has properties analogous to Ce. Elements 91 
(sometimes called Brevium) is obtained only in minute quantities as 
a result of the (3-ray disintegration of U X x , and is identical with 
Protactinium. 

The electron composition of these elements is only conjectural 
and the chart on p. 583 may be consulted. There is competition 
mow between 5 f\ int and T.s-shells. The following structures are 
provisionally given : 

89 Ac..die/ 7.v* 90 Th... M* 7.v 2 91 Pa ? 92L...5/* (id* 7s 

5 I (id Is 2 (id 7 s* 

hf (id* 7s 5/‘ 2 iid 1 Is 

The coni])osition for Ac is suggested by its analogy with La, 
and that of Th with Ce. But it is not clear whether U is a rare- 
earth or a transitional element. It seems to partake of the 
characters of both. 

No element has yet been discovered after U and frequent attempts 
have been made to show that there is a limit to the number of atoms 
which can occur. According to (41) on p. 357, the energy of a single 
electron moving round a nuclear charge +Ze is given by 



where a = Sommerfeld-constant, the expression within root-sign 
becomes negative and the energy becomes complex if Z > k/a , Le., 
for Z> 137. According to this view, there cannot be any 
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element having Z >137, i.e.. there can be altogether 137 elements. 
According to Flint and Richardson*, the number should be l/aV2, 

i.e., about 98, and still another view limits it to 92. But the reason¬ 
ings behind these arguments an* not very convincing. 

As a matter of fact, a determined search for elements having 
Z > 92 does not seem to have yet been made. On account of some 
mysterious reasons, the screening constant for the K-electrons in U 
becomes negative {ride p. 465) and this fact, which is yet unexplained, 
may be connected in some way with the failure to detect such 
elements. If they are found to occur at all they are expected to 
form, according to one view. Ran* Earths of Group JI, and according 
to another view transitional elements of group IV. The rare-earth 
hypothesis may explain why so far it has been found impossible 
to chemically separate the elements. 

In a recent announcement Kennif claims that when neutrons 
are allowed to bombard a I'-atom, radioactivity is induced on it, and 
it gives out p-rays. Tile product of this radioactive disintegration 
would be element number 93. But the element 93 or any higher 
(‘lenient has not yet been discovered in any mineral occurring within 
the earth's crust. Just at the time of final proof reading, it is 
announced in Nature that element 93 has been discovered at Prague 
in pitchblende, and its properties arc stated to be analogous to 43 Ma 
and 75 Re. If the announcement be found to stand criticism, then 
elements after Si) form transitional group IV, having the composition 
6r/* 7.s 2 , there being no electron in 5/1 
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CHAPTER XIII 


CRITICAL POTENTIALS OF ELEMENTS 

The subject treated in this chapter is of vast dimensions, and 
cannot be adequately described in a single chapter of a Text Book. 
Only leading ideas are given, and a few representative experiments 
are described. For complete study, reference must be made to the 
bibliography given at the end of the chapter. 

292. Introduction : Lenard's Experiment.—Shortly after 
the discovery and isolation of the electron, Lenard took the first 
steps for studying the phenomena connected with the passage of 
electrons through gases. He was followed by Ramsauer, Mayer, etc., 
and Franck and Hertz in Germany, and by Townsend in England. 
But the greatest impetus to these studies was given after Bohr’s 
theory of spectra had obtained general recognition, and provided 
the physicists with a working model of the structure of the atom 
which approximated to facts. 

Lenard* showed that if a parallel beam of electron-rays be 
passed through a gas, two changes are observed when the length of 
the gas column traversed is gradually increased. First a decrease, 
in the intensity, *.<?., the number of rays reaching the target decreases 
secondly an increasing diffuseness in the shape of the cross-section 
of the bundle. The apparatus with which he worked is now of 
historical interest, but it served as the model for future experiments 
and is described below (Fig. 1) in the improved form given to it 
later by H. F. Mayer.t 

G... .. A heated Tungsten filament which is used as source of 
electrons. 

Bj, Bj . Slits. A potential difference is applied between Bj 
and B* which endows the electron with the requisite 

* P. Lenard, Ann. d. Phys., 2, 359, 1900; 12, 449, 714, 1903. 

f H. F. Mayer, Ann. d. Phys., 64, 461, 1921. 
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velocity. They then emerge through a third slit into the 
space H*. The latter is covered with metal, and hence 
there is no field in H*. 



Flic I. Modified Lenard*a apparatus (Mayer). 

E.A wire-gauze. 

K. . . .A second parallel wire-gauze covering the receiver 
(Faraday Cylinder). 

An opposite e. m. f. of such dimension is applied between E and 
K, that only such electrons which possess the original velocity as 
acquired in passing between and B 2 can pass into K. The receiver 
is connected to a quadrant electrometer which measures the charge. 

All these parts are contained within a glass vessel which can be 
exhausted to any vacuum, and then filled with any gas at a desired 
pressure. The receiver K can be shifted parallel to itself so that 
the distance traversed by the electrons can be varied. 

It was found that the current decreases as the length is increased. 
Lenard sought to explain the decrease on the hypothesis of elastic 
collisions. As the electrons pass through the gas, they come into 
collision with the gas molecules, and are turned back without suffer¬ 
ing any diminution in velocity. According to the kinetic theory of 
gases, the number n which succeeds in passing a distance x without 
being turned back by collisions is given by 

-»/k 

n mm no e 

where n 0 initial number, X — mean free path. 

Here we suppose that the electron is a rigid sphere, and it 
collides with the molecule, which is another rigid sphere having a 
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much larger mass. It can be shown from dynamics that in such 
encounters the electron suffers no diminution in its kinetic energy, 
i.e.y the collision is clastic. We have then 

A = * \og e n 0 /n^~ log,, / 0 /7, 

because n is proportional to /, the current due to the electron beam. 
What is the mean free path of the electron ? According to the 

kinetic theory if we have a mixture of gases A, B, C,.S etc., 

the mean free path of A is given by 

1 X-S _ . . V‘2 

— „ v //x + w A /nt x fr A -f ;• 

X - A ' ’ 

where r A , r B .... are radii, n A , a/i> .... are concentrations and 

m A , yn B% . . . are masses of the molecules A, 1>.N. 

We suppose that in the ])resent ease we have only two types of 
particles with which the vessel is filled up, the molecules and the 



Fi*. s« 

electrons. Let the gas molecules have the radius r and let us suppose 
that the electrons have vanishing radius and concentration. Then 

1 - «*> 

is the mean free path of the molecules.* 

* Vklo A Text Book of Heat, Saha and Srivaeiava, p. 123. 

See also Loeb’s Kinetic Theory of Oases, (1934). 
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So this experiment enables us to calculate the collision radius 
of the atoms or molecules with which the vessel is filled up. 
The collision radius of gases calculated according to this method was 
found to be of the 150 

same order of dimen¬ 
sions as obtained ^125 

from gas-k i 11 c t i c a 

theories, but they | 100 

were found to vary ^ 

with the velocity of 5 7 5 

the primary elec- \ 

, • • 5 0 

trons in an unex- 5 

pected manner as o 

\ I 25 

shown in curves, * 

Figs. 2 a and 2b for | 

N g ,He, Ne, Kr, Xe, 0 

A and FI 2 . 

rpi Klg. Hb. Variation of collision radius of gas molecule* with velocity 

inese expert- of thc eU . ctrons (R amMutsr ) 

ments have been 

continued by Ramsaucr and others using improved methods 
which will be described later. 

293. Inelastic Collisions. —Further experiments showed that 
the encounter of an electron with an atom or molecule gives rise 
to more complex phenomena than those described in the preceding 
section. 

It was known quite early, from the study of cathode rays, and 
(3-particles (which are only fast electrons) that the electrons can 
ionise the gas through which they pass (see for example the track of a 
(3-ray photographed by the cloud-chamber method of C. T. R. Wilson, 
Plate III, Fig. 28, where the presence of those secondary ions 
are shown by small tracks). Collision in such cases cannot be 
elastic; the electron imparts a part of its energy to the colliding 
gas-molecule which is broken up by the impact into a positive part 
(positive ion) and a negative electron. The collision is therefore 
inelastic. 

From several lines of argument, various physicists came to the 
conclusion that an electron acquires the capacity to produce ions by 
collision only when they possess a minimum amount of energy; 
and that this minimum energy depends upon the nature of the gas 

F. 75 
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through which the electrons pass. The subject was thus investigated 
by Lenard* (1902) by means of the arrangement shown in Fig. 3. 

F. ... Glowing filament which is the source of electrons. 

G. ... Grid. 


Q P . 



Fig. 5i. Lonard’s apparatus for 
iiudatitic collisions. 



. collecting plate. 

. electrometer. 

. Accelerating potential applied 
between F and G. 

. Retarding potential applied 
between G and P. 


V 2 > Vi and the pressure is so chosen that FG, but < GP, so 
that the electrons emerge into the space GP with full velocity, 
acquired by free fall between F and G. 

Under ordinary conditions no electron will be able to reach the 
collecting plate, because the retarding potential V 2 is much larger 
than the accelerating potential f\. The plate will therefore show 
no accumulation of charge. However there are two possible 
circumstances under which P may show a positive charge :— 

(a) The electron may after passing through the grid collide 

with a gas molecule and ionise it, the positive ion so 
formed will be immediately drawn to the plate P under 
the influence of the potential V 2 . P will therefore be 
positively charged. 

(b) Instead of ionising, the electron may excite the atom to a 

higher state and cause it to radiate; and if the wavelength 
of the emitted radiation is short enough to eject photo¬ 
electrons from the plate, the plate will evidently be 
positively charged. 

It should here be mentioned that only the first possibility was 
considered by Lenard, the second was pointed out several years later 
by Bohr and van dor Bijlf from considerations of Bohr's theory of 
atomic structure. 

Lenard's original experimental methods would be considered 
rather crude in these days and the results cannot be regarded as 
quantitative, but he established quite definitely one piece of 
experimental result, that, when the velocity of the electrons are 


* P. Lenard, Ann . d. Phys 8, 149, 1902. 

+ H. Van der Bijl, Phys. Rev. f 10, 546, 1917. 
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varied (by varying V x ), it is found that at certain definite values of 
Vx the rate of charging of P shows abrupt changes. This leads us 
to the conclusion that the gas-molecule is ionised by collision only 
when the electron has got certain definite amounts of energy. 
Experimenting with hydrogen, oxygen and CC) 2 , Lenard found the 
value of Vi to be about 11 volts. 

This conclusion is now known to be inaccurate. What Lenard 
was observing was the ionisation potential of mercury vapour which 
was always present in his experimental vessels, as an impurity from 
the pump he was using. 


294. Franck and Hertz’s Experiments on the Critical 
Potentials. —A great impetus to these studies was given by Franck 
and Hertz* who showed that the results obtained by Lenard and his 
pupils receive a ready explanation in terms of Bohr’s picture of the 
atom. As most of these early works were performed with Ilg vapour, 
the reader should make himself thoroughly familiar with the energy 
levels of the Ilg atom which is similar to that of Mg described in $202. 

It would have been much simpler if the experiments could 
have been done with the H-atom, because it is very easy to describe 
the different quantum states of the H-atom (see p. :>27). But 
hydrogen occurs usually in the form of molecules- which complicates 
the matter. It is easiest to work with Ilg-vnpour. An rig-atom 


contains two valency electrons, and the structure of its spectra is 
similar to those of Mg, Zn, Cd and to a certain extent to those 
of Ca, Sr, Ba. Spectroscopic analysis showed that the fundamental 


state is 1 S 0 . The next states are 
3 P 0 , *P U # P, and l P t . If the Ilg- 
atoms are bombarded by electrons, 
then provided the energy of the 
bombarding electrons is sufficiently 
large, some of the Hg-atoms will 
have one of their valency electron 
raised to these higher levels 
8 Po>i >2 and 1 P 1 . But these states 
are unstable, hence after an inter¬ 
val of time (10 ~ 7 to 10" 9 sec.) the 
electron will fall back to the 1 S 0 



state. In this process radiation 


Fijf. 4. Knergy level* of atom. 


* Franck and G. Hertz, Zs. f. Phys., 17, 409, 1916. 
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will be emitted. According to the selection-principle, however, 
transition from 3 P 0 , 3 P 2 to is forbidden, hence, we have only 
emissions of the lines 1 2536*52 and X1849*5 corresponding to transi¬ 
tions from 3 Pi, l Pi to 1 S 0 . These transitions are shown in Fig. 4. 

According to this scheme, inelastic collision of electrons with 
Hg-atoms should commence, when the energy of the bombarding 
electrons is increased to 4*9 electron-volts. Further, at this voltage, 
the Hg-vapour would radiate only the line X 2536, and none 
else. 

These conclusions were experimentally verified by Franck and 
Hertz as follows. 

Experiment of Franck and Hertz. 


V 2 



Fig. 5. Franck and Hertz’s apparatus. 


This apparatus requires little explanation. F is the filament, 
G is the grid which is now placed close to the,collecting plate P. A 
sensitive galvanometer replaces the electrometer of Lcnard's appara¬ 
tus. Vi V 2 and X<^FG, so that the electrons suffer many 
collisions in passing from F to G. 

Tn the actual apparatus, the plate and grid were in the form of 
coaxial cylinders mounted within a glass tube, and the filament was 
mounted centrally. The glass vessel could be evacuated and filled 
with the gas to be investigated. 

Since V x V 2 the latter will not be able to prevent the 
primary electrons from reaching P. The galvanometer therefore 
shows a small current which was found to vary as (F— Fo)^ 
in accordance with the Child-Langmuir relationship {vide 
infra). When however V x exceeds 4*9 volts, the electrons can 
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communicate the whole 
and can be prevented 
from reaching P by V 2 . 
Hence there is a sudden 
drop in the current. 
This is illustrated in 
Fig. 6, which repre¬ 
sents the result of 
Franck and Hertz for 
Ilg-vapours. As V x is 
further increased 
the current again goes 
on increasing. At 67 
volts, there is a second 
drop due to the excita¬ 
tion of the 1 Pi-level. 

The method des¬ 
cribed above is however 
open to several sources 
of error. These are :— 


of their energy by collision to Hg-atoms 



Fig. (1. Franck and Ilcriz's curve for mercury vapour. 


(«) Maxwellian Distribution of Velocity— Wc assume that the 
primary electrons come out of the filament with zero velocity and 

Table 1 .— Velocity distribution of thc K K P<>™d by them 

electrons emitted from a heated 111 collision space is only 

filament . due to the applied accelerating 

Percentage of Energy in volte Potential. This assumption, 
electron emission (Fil. temp. 2400°C) however, is not justified, be- 

. cause the electrons as they 

90 % 0*022 volts emerge from the filament 

75 % 0059 ir v . . 

5 Q w 0143 possess a Maxwellian distri- 

25 % 0*29 bntion of velocity. 

^ | This error may be corrected 

0*1 % 1/42 for by finding the velocity- 

00001 £ 2*85 distribution approximately, 

which is done by varying the 
retarding potential applied between the filament and the collecting 
plate and drawing a curve between the plate current and thc 
applied retarding voltage. The results obtained from such a curve 
are shown in table 1. 


Percentage of 
electron emission 

Energy 
(Fil. tern] 

90 % 

0*022 

75 % 

0059 

50 % 

0143 

25 % 

0*29 

10 % 

0*48 

1 % 

0*95 

0-1 % 

1/42 

0-0001 1 

2*85 


(h) Potential Drop along the Filament —Our next assumption 
is that all the electrons fall through the same accelerating 
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potential. But owing to its high resistance the potential 
drop along the filament is considerable. Therefore electrons 
coming from different parts of the filament fall through different 
potentials. 

The above defects have been remedied to a large extent by 
improving the source of electrons. In choosing a satisfactory 
source several factors have to be taken into consideration, c./y., the 
effect of the gas under investigation on the filament, the possi¬ 
bility of dissociation of the gas at the filament surface, the 
length of time the filament retains its properties under the 
conditions of the experiment, etc. However for most purposes 
the following source is found to be satisfactory. A small nickel 
body is fused at the middle of a tungsten filament. Owing to 
the high conductivity the potential drop across it is very small, 
and the wire applying the accelerating potential is attached to this 
body. The error is thus practically eliminated. 

To reduce the error due to Maxwellian velocity distribution 
among the electrons, this nickel body is covered with a layer of 
alkaline earth oxide. The work function (ride infra) of alkaline 
earth-oxides being very low, electrons are copiously emitted at 
comparatively low temperatures and so have low initial velocity and 
a narrow velocity distribution. 

The method of magnetic resolution to separate a beam of elec¬ 
trons with a sharp maximum velocity limit from an inhomogeneous 
beam has also been used. 

(e) Since the collisions can take place anywhere between the 
filament and the grid, the velocities of the bombarding electrons 
range between zero and the maximum (corresponding to the potential 
applied). This deprives the apparatus of much of its sensitiveness, 

the maxima are not very sharp. This is corrected by putting an 
auxiliary grid very close to the filament and applying the accelerating 
potential between the two. 

(d) Contact Potential .—Besides the accelerating potential applied, 
another source of potential exists between the filament and the grid. 
This is the contact e. m. f. which always exists between two 
dissimilar metal surfaces. The value of this may be previously 
determined and allowed for, or the apparatus may be calibrated with 
a gas possessing known critical potentials. 
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Franck*, Einspornf and Knipping$ have used Franck and 
Hertz's method in accurately determining the critical potentials of 
Hg-atoms. Einsporn adjusted the pressure of the Hg-vapour 
C01 to G mm.) in the apparatus, so that the number of collisions is 
fairly large and he increased the accelerating voltage by steps of 
0*1 volt. Further he put a grid just in front of the filament, as in 
Fig. 8, so that FGi < X, and the full accelerating potential is applied 
between F and G 2 . Between Gi, G 2 there is very little field, and 
Gi G 2 ^ X, so that many collisions can take place in the space 
Gi G 2 . This arrangement increases the sensitiveness of measurement 
considerably. One of his curves is given below (Fig. 7). It will be 



observed that the first maximum occurs at 3*8 volts instead of at 
4*9 volts. This is due to contact potential and other sources of 
error. To get the accurate value of the resonance potential the 
difference between the first two maxima ought to be taken. As has 
been pointed out by Einsporn himself, most of the maxima of the 
curve can be interpreted as various combinations of different 
resonance potentials as shown in the table 2 on p. 000. 

295. Distinguishing Ionisation Potential from Resonance 
Potential - Experiment of Bergen Davis and Goucher,—Though 
Franck and Hertz's experiment described in the preceding section 
afforded a straightforward experimental verification of Bohr's 
theory, it failed to distinguish between the resonance and ionisation 


* J. Franck and P. Snipping, Zs. f. Pht/s., 1, 320, 1920. 
t J. Franck and E. Einsporn, Zs. f. Phf/s.. 2, 18,1920. 
t E. Einsporn, Zs. f. Phys ., 5, 208, 1921. 
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Table 2 .—Oritieal potentials of Hg . 


Observed voltages 

Combinations of 
a — 4*9 volts and 
b = 6*7 volts. 

DiffI bet. cal¬ 
culated and 

From Curve 

Corrected 

observed 

values 

38 

49 

a = 4-9 
b = 67 

0 

87 

9*8 

2a = 98 

0 

10 1 

11-2 

a+h =11-6 

-0-4 

124 

13*5 

2b = 13-4 

+01 

136 

147 

3a =147 

0 

14-9 

IG'0 

2 a+b = 16-5 

-05 

16-5 

17*6 

a 4-2/) = 18-3 

-0-7 

18-2 

193 

4a = 19-6 

-03 

194 

205 

36 = 20-1 

+0‘4 

201 

21*2 

3 a+b - 2T4 

-0-2 


potentials. Bergen Davis and Goucher* devised the following 
modification by which the two potentials can be distinguished 
Vi V a y a from each other. Two 

grids G x and G 2 were used 
between the filament and 
the plate, and three suit¬ 
able potentials V u V 2 
and V$ were applied. 

Fig. 8. Davis and Goucher'* apparatus. 


V 2 > V x > Vs 

V l.accelerating potential which can be varied as usual. 

V 2 .retarding potential > V x . 

.small constant potential whose direction can be reversed. 


Further, 

X > FGx but < Gx G 2 . 

Beginning from zero, the value of V x is gradually raised and for 
each value of V x two values of plate current are read cor¬ 
responding to the two directions (direct and reversed) of V 3 . 

Davis and Goucher obtained the following curves in Fig. 9 
with Hg-vapour: 

+ current denotes that the current flows from the plate to the 
earth, — current denotes that the flow is in the opposite direction. 
We consider this curve in detail and examine it part by part. 

* B. Davis and F. 8. Goucher, Phys. Rev, 10, 101, 1917. 


IG, 



earth 
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(1) O R.The electrons enter the collision space G* G 2 

with the full velocity corresponding to V±. As long as F x < 


resonance potential, the colli¬ 
sions are elastic. The primary 
electrons cannot reach the plate 
because V 2 > V l9 whatever may 
be the direction of F 3 . Hence 
the current is zero. 

(2) RI. As soon as 

reaches the value 4'9 (the 
first resonance potential of 
II g), the electrons in the 
space GtiG 2 suffer inelastic 
collision with Hg-atoms, and 
excite them to the 3 Pi-orbit. 
These excited atoms radiate the 
light 1 2536 in about 10 ” 7 
seconds, and return to the nor¬ 
mal state X S 0 . This radiation 
falling on P and G 2 , releases 
photoelectrons. If F 3 is from 
P-G 2 the electrons released 
from P cannot leave it while 



Fig. Davis and Gouchor’a experimental 
curve for mercury. 

those from G 2 are assisted in 


passing to P. A negative current is therefore obtained. If F 3 is now 
reversed (G 2 -*P), the photoelectrons from P are enabled to leave it 
while those from G 2 are held up. Hence P shows a positive current 
over the part RI.in Fig. 9. 

When Fi is further increased, inelastic collisions become more 
frequent, and radiation of X 2536 becomes stronger. Hence the 
galvanometer current (both positive and negative) goes on increasing. 
At 67 volts, the currents show a further discontinuous rise. This 
is due to a fresh process just starting, viz,, the excitation of Hg-atom 
to the 1 Pi-state, attended with the emission of X 1849. This can 
be interpreted as the second resonance potential of Hg. 

(3) The points 8, S and beyond. 

The next abrupt rise in the rate of increase of the current 
dl/dVi occurs at points S, S which correspond to about 10 4 volts. 
The most remarkable thing about this point is that for both the direc¬ 
tions of F s , the current is+ve. This is explained by taking 10*4 volts 
as the ionimtion potential of Hg* The electrons from the filament F 
F. 76 " 
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are accelerated by V x volts and when they pass beyond Gi, they 
possess sufficient energy to ionise the Hg atom against which they 
impinge. These primary electrons together with those which they 
have knocked out of the neutral atoms, fall back to the left side of 
Gi, under the influence of large retarding potential V 2 . The posi¬ 
tive Hg-ions formed by these collisions are however accelerated 
towards P by F 2 . The galvanometer therefore shows a large+ve 
current. Since V » Vu its direction has very little influence on 

these positive ions. 


296. Hertz’s Methods of Determining the Resonance and 
Ionising Potentials.—The double grid methods described above 
have been further improved in several ways by Hertz*. He developed 
two distinct methods, one for the measurement of ionisation 
potential, and another for the measurement of resonance 
potentials based on two distinct principles, and in a third method 
he combines the two together. We describe the methods one by one. 


(1) Method of Space Charge (Ionisation Potential). 

In Fig. 10, Fi is a filament emitting electrons. F 2 is a second fila¬ 
ment heated to very high temperature and enclosed in a cylindrical 
box R with a grid side towards Fj. Electrons emitted 
from Fi are drawn by an accelerating potential V\ into 
the box where collisions with gas molecules take place. 
A retarding potential Vo, less than the critical potential 
of the gas under examination, is applied to F 2 to keep 
the electrons away from it. A galvanometer Ga is 
connected between F 2 and R. » 

As the temperature of F 2 is raised the electron 
emission from F 2 increases, and the galvanometer 
indicates an increasing electron-current. But very 
soon the space inside the box acquires a high electron- 
density, and it exerts a strong repulsive force on the 
negatively charged filament F 2 and prevents any fur¬ 
ther electron emission from it (space charge effect ). 
This puts a limit to the maximum electron current 
between F 2 and R. The limiting current is practically uninfluenced 
by any resonance radiation due to inelastic collisions taking place in 
the box. • c 

♦ Hertz, Zs> f Phys., 18, 311,1#23. 



FIgr. 10. Hertzto 
apparatus. 
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On the other hand if Fi is large enough to cause ionisation 
of molecules by the impact of electrons from Fi, the positive ions are 
readily attracted to F 2 , thereby neutralising a part of the charge on it. 
This allows further electron emission from F 2 , and the galvanometer 
shows a sudden increase of current. 

A typical result obtained by this method for neon is illustrated 
in the curve I of Fig. 14. It is clearly seen that the ionisation 
potential is nearly 21 volts. 

The method is however open to the error due to distribution of 
electron velocities. 


(2) Method ok Residual Cithuent (Resonance Potential). 


An objectionable feature common to most of the preceding 
methods is that they measure tin* effect of inelastic collisions as 
superposed on the effects of all types 
of impact taking place at a lower poten¬ 
tial. In order to avoid this uncertainty 
Hertz* devised the apparatus shown in 

Fig. 11. 

F is the heated filament from which 



electrons arc accelerated by means of a 
potential V\ into the cylindrical space R 
having grid sides. It is surrounded by another coaxial cylinder P. 
The space in R is perfectly field-free. A small retarding potential 
V 2 (about 0*1 volts) < \\ is applied between the grid and P. 

With a particular value of F lt we give a small value to F 2 , say 
0T voltf, and then put it equal to zero. The electrometer current 
is noted in the two eases. In the first case, only those electrons 
which possess energy greater than 0*1 volts will reach P, while in the 
second case, nearly all the electrons will travel to P. The difference 
in the two currents gives therefore the number of electrons having 
energy less than 0*1 volts after any inelastic collision has occurred 
in the space. V t is now increased in steps and every time the two 
operations (with F 2 ) are repeated. As long as no inelastic collision 
takes place, the current remains steady. But at, say, the first 
resonance impact, the electrons give their whole energy to the 
molecules and are brought to rest, so a very few of these electron? can 
travel to P against the retarding potential F 2 . But if the potential be 


Fijr. II. Hertz's apparatus for 
resonance potrntial experiment. 


* G. Hertz, Zs. f. Phys 18, 307, 1923. 
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accelerating, they can travel to P. So at an inelastic collision, due to 
excitation of the molecule to resonance, there is a sudden increase 

in the difference between the 
currents with or without the re¬ 
tarding potential V 2 as shown 
in the curve in Pig. 12, for Ne. 
Complete ionisation of atoms, how¬ 
ever, has no effect on the result. 

In the curve shown opposite 
the first excitation potential of Ne 
at 16*65 volts, and the second at 
18*45 volts are clearly distinguish¬ 
ed. In order to make corrections 
for distribution of velocities, 
amongst the bombarding electrons, Ne is mixed with He in the 
collision chamber; the He-cxeitation potentials obtained (on the same 
curve) are corrected by comparison with their standard spectroscopic 
values, and the same corrections are applied to Ne. 

The method has been employed to Kr by Hertz and Kloppers,* 
who have obtained the I. P.=13‘3 volts. The spectroscopic value is 
13*94 volts. 



volts 

Fig. 12. Ionisation potential curve for No. 


(3) Hertz’s method for Resonance and Ionisation Potentials. 

By a slight modification of the apparatus of method (1) Hertz 
has combined the above two methods, so that both resonance and 
ionisation potentials can be measured by the same apparatus. The 
apparatus is shown in Fig. 13 which, as can be 
easily seen, is a combination of the arrangements 
used in methods (1) and (2). 

To get the ionisation potential, P is connected to 
the grid G, and then the same procedure is adopted 
as in method (1). To obtain the potentials co: 
ponding to resonance the heating current from F 2 
withdrawn, and it is connected to R, and then we 
proceed as in method (2). 

The result of experiment for Ne is illustrated 
in Fig. 14, where the curve I gives the ionisation 
potential V{ and the curve R gives the first resonance potential 



Fig. 18. Hertz's appar¬ 
atus for resonance and 
ionisation potentials. 


♦ G. Hertz and R. K. Kloppers, Zs. f. Pkya., 81,463,1926. 
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V r . Vr is corrected by comparison with standard He curve as 


explained in method (2), and the 
same correction is then applied 
to Vi . A little uncertainty how¬ 
ever remains, because we do not 
know which point on the curve R 
corresponds to the point /, which 
is obtained by the intersection of 
the horizontal part of the curve 
with the sloping part. This error 
is minimised by using a small 
retarding potential and confining 



13 r< 19 21 23 25 27 


volts 

Fig. 14. Critical potentials ol' neon. 


the velocity-distribution of electrons from within a narrow limit. 


297. Controlled Excitation of Spectra.—Franck showed 
that when Hg atoms are bombarded by electrons having an energy 
of 4*9 electron-volts, the atoms are just excited to the higher state 
immediately next to the normal. This state is unstable and the atom 
returns in about 10" 8 sec. to the normal state 1 S 0 , after emission 
of the line X 2536. Now X 2536 has according to the quantum theory 
the same energy as an electron falling through a potential difference 
of 4*9 volts, hence the experiment affords a proof of Bohr’s theory 
of spectra of atoms. 

These investigations were continued by many workers. \Y r e 
shall describe the experiments on the controlled excitation of spectra 
of Mg by Foote, Meggers and Mohler.* They developed a method 
in which the atoms were excited by bombardment with electrons. 


Pumps 



! Electric Furnace I 
'__ LSheet-iron Cylinder 


N ickel H ejix 





Pyrex r 


Tungsten Filament 


L 


J 


Fig. 15. The apparatus for controlled excitation of spectra. Utuart> > 

whose velocity could be regulated. Fig. 15 shows an improved form 
of their apparatus due to Ruark.f 

* P.D JFoote^ W.F. Meggers and F.L. Mohler, Phil Mag 42,1002, 1921. 
t A. E. Ruark, /. Op. Soc. Am., 11,199, 1925. ' 
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The apparatus consists of a pyrex glass tube and is closed by a 
transparent plate of fused quartz which is open to the spectroscope. 
The vessel is placed within an electric furnace, which vaporises the 
substance placed within the vessel. Electrons are provided by a 
heated tungsten filament. The grid is in the form of a nickel helix 
surrounding the heated filament. An iron sheath encloses a field- 
free cpHision space between the filament and the grid. 

By observing the minimum potentials at which the different 
lines of the spectrum are excited, a direct determination may be made 
of the amount of energy necessary for their production. The values 
so obtained in all cases confirm the deductions from the quantum 
theory, *.<?., the equation r V~hv has been thoroughly tested. Another 
interesting point about this method is that higher series lines are 
readily photographed. 



f mo urve SPCCTFUM 



Fly. ttf. Controlled excitation of the spectra of My. 


Let us consider the case of Mg in some detail. Mg was subjec¬ 
ted to a thorough investigation by Foote, Meggers and Mohler. As 
mentioned already the spectrum of Mg is similar to that of Hg and 
its energy levels are shown in Fig. 5, p. 388. 

The following were the results for four successive ranges of 
potentials between 0 to 20 volts: 
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( 1 ) 0—27 volts : When the energy of the bombarding electrons 
is less than 27 volts which is the first resonance potential of Mg, the 
collisions are elastic and no radiation is observed. 

( 2 ) 27 —433 volts: The three levels 5 P 2 , *Pi, :i P 0 are very 
close together in the case of Mg and are not distinguishable by this 
method. So when bombarding electrons have an energy of 27 volts 
or more, the normal Mg atom is excited to any of these :i P 0 ,i ,2 states. 
But a return to normal state from all of these excited states is not 
possible. Only one transition H Pi~> 1 S 0 is allowed by the selection 
principle for inner quantum numbers. Therefore the radiation will 
consist of one line only, viz., X4571. This was found to be the 
case {ride Fig. 16a). Incidentally the equation aV = hv is also 
verified, bocause according to the above equation X 4571 should 
correspond to 2 7 volts. 

(3) 4*33 —7*61 volts: The second resonance potential of Mg is 
4*33 volts, and the bombarding electrons with this amount of energy 
will be able to excite the atom to 2 l Px state. According to Bohr's 
selection principle for the azimuthal quantum number, no transition 
can take place from this level to any of the next three ? P 2 ,i>o levels. 
Therefore only one transition, r/v., 2 1 P i *80 which corresponds 
to X 2853 is possible. So at this stage of excitation the Mg 
spectrum consists of two lines only, X 4571 and X 2852 (see Fig. 166). 
It ought to be noted that if the transition 2 l Pi -* 2 Pi were 
possible, the line X 7587 would have appeared in the spectrum, 
but using dieyaniu stained plates which are highly sensitive at this 
wavelength, no trace of the line could be found. This is a very 
interesting verification of Bohr’s selection principle. 

( 4 ) At 7*61 volts and beyond ; At 7 01 volts the bombarding elec¬ 
trons completely ejects one electron from the Mg atom. This electron 
returns to the ground level 1 8 0 by successive inter-orbital transitions. 
As there are numerous atoms approachii g equilibrium by the various 
different combinations of transitions possible, we get in the radiation 
the complete arc spectrum of Mg (Fig. 16c). The spectrum c corres¬ 
ponding to an excitation potential of 10 volts shows an enhanced 
doublet besides the arc spectrum. This is due to the fact that, a Mg + 
atom requires an energy of 4*4 volts to excite it from its ground level 
( a Si) to the next higher energy level which is a doublet ( 2 P^ j). 
A normal Mg atom may be brought to this state by two successive 
collisions with 10-volt electrons, as shown in Fig. 16A. 
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As this excited Mg+ atom returns to the normal state, an en¬ 
hanced doublet A, 2803,2795 (corresponding to transition 2 Pi, 2 *“ >2 Si) 

v is emitted. When 

2 ) ^c electronic cur¬ 
rent at which the 
1 st Collision 2nd Collision experiment is per- 

Fig. 10A. Inelastic collision of Mg with 10 r electrons. formed is low, the 

chance of two successive collisions is small and these lines are 
weak, but at high currents they are quite strong. Beyond 12*01 volts 
(7*61+4*4) one impact is sufficient to ionise a Mg atom and to bring 
it to 2 Pi ) i» state ; so this doublet is quite distinct even with very low 
currents. 

To remove a second electron from a Mg + atom, 14*97 volts are 
necessary. At higher currents this double ionisation is achieved by 
two successive collisions and the complete first spark spectrum is 
obtained just beyond this voltage (vide Fig. 16^/). If however the 
current is low a voltage of 22*58 (14*97+7*61) is necessary to excite 
the spark spectrum. Ruark has succeeded in this with such low 
current densities as 0*1 to 0*2 milliampercs per cm 2 . 

At 46'9 and 1299 volts the L and K radiations appear. Though 
at this stage the second spark spectrum of Mg is expected to appear, 
but it does not do so. This is probably due to the small chance of 
three successive collisions that would be necessary. 

The above is a brief account of the work of Foote, Meggers and 
Mohler with Mg. The full table is given on p. 609. 

The theoretical critical potentials of He, Ne and Hg have been 
confirmed by this method by Hertz. In some cases, e.g., Ne where 
the first appearance of certain lines cannot Be distinguished with 
sufficient accuracy, photometric measurements of line intensities are 
taken and an intensity-voltage curve plotted. The curves were 
usually found to cut the axis at considerable angles and so gave 
quite definite values of the critical potentials. 

298. Critical Potentials for Soft X-ray Emission as Deter¬ 
mined by the Method of Electron Bombardment* —Methods of 
controlled electron bombardment have been employed by Richardson, 
Compton, Thomas, Kurth, Hamer and Singh and others for the 
investigation of critical potential of elements for soft X-ray emission. 
Electrons of controlled velocity from a filament; are allowed to bom- 
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Table 3.—Controlled excitation of the spectrum of Mg. 


Series Nota¬ 
tion 

Wavelength 
or wave 
number 

Energy in 
volts 

Types of Collision 

Typo of 
Spectrum 

l«8o-2»P, 

X 4571 A.U. 
v 21871 cm-* 

270 

Inelastic collision at 
the first resonance 
potential of Mg I 
( Mg hS 0 -> Mg 
3 P 2 » no) 

Ringlet spec¬ 
trum 

l'So-2'Pi 

X 285.'! 
v 35051 

4*33 

Inelastic collision at 
the second reso¬ 
nance potential of 
Mg I. (Mg bSo-^Mg 
1 I > i) 

»» 

*8. 

2 

v 01672 

701 

Inelastic collision at 
first R. P. (Mg 'S 0 
Mg+ *H h ) 

Comp 1 e t e 
arc spec¬ 
trum, sing¬ 
let a n d 
triplet. 

JS 4- 2P 5,? 

X 2803 
v 35669 

X 2795 
v 35761 

4-4 

Inelastic collision at 
first R. P. of Mg+ 
(Mg+ 2 Sx Mg+ 

2P i,f) 

Enhanced 
d o u b let 
spectrum. 

I 

‘So 

v 121267 

14-97 

Inelastic collision 
at the second 1. P. 
(Mg+ 2 8^ Mg++ 

^o) 

! Complete 
j enhanced 
| spectrum. 

2 S, + 'So 

v 182939 

22-58 

Inelastic collision 
with ejection of 
both valence elec¬ 
trons (Mg 1 8 o —► 
Mg++ bS 0 ) 

| Complete 
enhanc e d 
and arc 

spectra. 

L <Xi,2 

X 

v 380000 

469 

Inelastic collision 
wi*h ejection of an 
L-electron from 
Mg I. 

L-Radiation 

K« 

X 9 869 
v/R 92 4 

1299 

Inelastic collision 
with ejection of a 
K-electron fro m 

Mg L 

K -radiation 

i 


bard a target of the material to be examined enclosed in a vacuum 
chamber. At critical potentials soft X-rays generated by the 
F. 77 
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bombardment cause photo-electric emission from a metal plate 
enclosed in the same chamber, and this can be detected by an 
electrometer. A number of auxiliary plates are used to eliminate 
secondary effects due to the residual gas in the chamber. 

Experiments of this type however reveal a large number of 
critical potentials. Thus Fe, Co, Ni, Cu each shows as many as 
48 critical potentials, and similar results are shown by many 
other elements. Their significance in many cases is not clear. 
A full account of these works will be found in Lindh’s H. d. Expt. 
physik, 24/2, p. 364—391, or reference may be made to original 
papers.* 

299. Critical Potential of Moleculesf—Introduction.— As 

far as the problem of electronic impacts with atoms or monatomic 
molecules is concerned, the methods of investigation described above 
arc quite satisfactory. But as soon as we come to the electronic 
impacts with polyatomic (including diatomic) molecules, the whole 
problem becomes complicated and the methods described above are 
found to be entirely inadequate for the purpose. The main point of 
difference between the two problems is that in the case of atoms, the 
inelastic collision results in the excitation of the atom to one of 
the higher energy levels or in its ionisation; whereas in the case 
of a polyatomic molecule, this may either be ionised without 
dissociation or may be dissociated in a variety of ways. For 
example in the case of iodine, at least the three following changes 
occur:— 

(1) I 2 It+e 

(2) I, - 1+ +I+e 

(3) Ig +e -*■ I* +i: 

Therefore in the case of molecules the indication of the nature 
of the ions produced is as important as the measurement of the 
energy necessary for an inelastic impact. 

* The following papers may be consulted : 

Richardson and Chalklin, Proe. Roy. Soo. A, 119, 60, 1928: 

110, 247, 1926. 

Compton and Thomas, Phys. Rev., 28, 601, 1926. 

Hamer and Singh, Phys. Rev., 29, 608, 1927. 

Kurth, Phys. Rev., 18, 461, 1921. 

Thomas, Phys. Rev., 25, 322, 1925. 

+ A very excellent account of this subject has been given by H, D. 
Smyth in Renews of Modern Physics, 3, 347, 1931. We have freely 
drawn from it. 
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The nature of gaseous ions has been extensively studied 
by the methods of positive-ray analysis as developed by 
Thomson, Wien and Dempster. But the early results are mostly 
useless from the point of view of molecular critical potentials, 
because the production of ions was not a controlled process. Some 
work done by Thomson* and Deuipsterf with H 2 molecules is how¬ 
ever worthy of note. Thomson found that in a hydrogen discharge 
II a + , H 2 + and II + ions are formed. Dempster using a thermo¬ 
ionic source of electrons studied the effect of pressure on the 
relative proportion of these ions keeping the accelerating voltage 
constant. He found that at low pressures the proportion of H 2 + 
preponderates, while at comparatively higher pressures, all the 
three are almost equal in proportion. From this he concluded that 
the primary result of the electronic collision is to ionise the hydro¬ 
gen molecule without dissociating it, ?>., to produce II 2 + ions. 
The dissociation of the gas and the consequent production of 
11 + and the complex Hs + is the result of the collisions of II 2 + ions 
with neutral gas molecules. 

300. Modern Experimental Arrangements.— All modern 
investigations on the subject have been undertaken with the 
object of studying the effects of collisions of electrons with gas 
molecules as a function of the energy of the impinging electrons, 
more specially to find the energy required by an electron to pro¬ 
duce, single, double or multiple ionisation or to cause ionisation 
of varying degree to be accompanied by dissociation. Therefore 
all the experimental arrangements are essentially combination of 
an electronic source of controllable velocity and an ion-analyser. 
In any good apparatus, the following requirements have to be 
met as far as possible : 

(/) A source of electrons whose energy can be controlled. 

(ii) Great intensity, so that the apparatus may immediately 
detect an inelastic collision. 

{in) No collision in the analyser, so that the primary result 
of the impact may not be complicated by spurious effects. 


* J. J. Thomson, Rays of Positive Electricity , p. 116, 1913. 
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(iv) High resolving power, so that even the ions whose c /m are 
only slightly different i.e ., N + , NH 4 *, NH 2 + , NH 3 + may be 
distinguished. 

O’) No thermal dissociation on the filament. 

The problem of attaining these requisites can be best stated by 
quoting the words of Smyth. “The difficulties involved in satisfying 
the requirement (/) are the same as those arise in ordinary ionisa¬ 
tion potential experiments. They are best met by calibrating the 
apparatus with a gas whose ionisation potential is known. This is 
not particularly difficult though always subject to criticism. It is 
the last four requirements that are mutually conflicting. Thus to 
get great intensity of ionisation, there must be many collisions, i.e., 
high gas density in the ionisation chamber, and large slits in the 
mass spectograph. But these conditions endanger requirements 
(m) and (/*•). Or if we try to increase the number of electrons by 
using a powerful electron source, we have to use a large hot 
filament endangering requirement (v) ” (Smyth). 

We shall now describe some 
of the methods developed 
by utilising these principles. 

Smyth's Apparatus .— 
Since the requirements 
(//) and (in) demand that 
pressure in the collision 
space should be higher than 
the pressure in the analys¬ 
ing space, Smyth* utilised 
the method of differential 
pumping , (originally deve¬ 
loped by Thomson for his 
positive ray analysis) in his 
apparatus for maintaining 
this difference of pressure. 
The apparatus is illustrated 
in Fig. 17 and described 
on p. 613. 



* H. D. Smyth, Proc. Roy. Soe, A , 102, 283, 1922; 104, 121, 1923, 
and later papers. 
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F ... Source of electrons. 

R . . . Grid. A variable potential difference V\ is applied between 
F and R to accelerate the electrons with the proper energy. 

J . . . A glass cylinder one end of which is closed with a metal plate 
provided with a slit. The space between R and J is the collision space. 
Vi is a small reverse potential to draw the positive ions from R to J. 

O . . , Collimating space provided with two slits which are coliinear 
with the first slit. It is made of soft iron sides so that the space inside is 
free from external magnetic field. 

^3 ... A large potential applied between J and A. It accelerates 
positive ions from J into the space C. 

The positive ions are collimated by the system of slits and they 
enter the mass spectrograph M with high velocity. The magnetic 
field is at right angle to the plane of the paper. The paths are 
now circles and the particles after describing the full semi-circle 
cuter through a slit into the Faraday cylinder P. The current is 
measured by an electrometer. 

There are two high vacuum pumps, one working on the space 
between A and J, and the other on the space M. Gas is continuously 
allowed to flow into the space R J. So the pressure at J is kept pretty 
high. But since the spaces R J and M are separated by a fine 
orifice, the vacuum at M continues to remain fairly high. The ratio 
between the pressures in M and R J may be varied from 1 : 10 to 
1 : 1000 . 

When any gas has to be investigated it is allowed to flow 
steadily into the collision space R J. The first step now is to determine 
the nature of the ions formed. For this purpose the electron speed 
and the pressure are kept fixed, say, at 30 volts and *05 mm. respec¬ 
tively. (These values are chosen after some preliminary experiment.) 
V 2 is varied in steps and a curve is plotted with electrometer current 
against the accelerating field. For a given value of the latter, 
the e/me of the ion entering P is given by 

mde = p*lP/2 T V 

where V - the total accelerating potential, and //-magnetic 
field. Fig. 18 represents such a curve for hydrogen and it clearly 
shows that H+ Ht, Hj ions have been produced. The areas 
contained by the different peaks give the relative number or 
intensities of the different kinds of ions (neglecting for the present 

the H£- 1 , H*a. i peaks). 
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The next step is to distinguish between the primary ions (ix.> ions 
produced directly as a result of electronic impact) and the secondary 
ions (produced as a result of some secondary collision, probably of 
the gas molecule with the primary ion). For this a series of experi¬ 



ments are performed at various pressures and a curve is plotted with 
pressure as the abscissa and the relative intensities of different ions 
as ordinates. Fig. 18a shows that the proportion of lit 



Pressure 

Fig. IS a. The intonaity-prohsure curve for different Ions. 

decreases with increase of pressure, while that of H + and Hj 
increases. This suggests that H t is the primary product. The 
conclusion is further confirmed by the fact that the curves for 
both H + and H* when extrapolated pass through the origin. 
These ions are therefore evidently produced entirely by secondary 
effects. 
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To find the potential at which the ions appear, the intensities of 
all the types of ions are plotted against the voltage V t accelerating the 
electrons. The pressure is 
kept fixed but reasonably 
high, otherwise the secondary 
ions may not form at all. The 
voltage at which the curve 
(extrapolated if necessary) 
for any ion cuts the axis 
of Vi gives the appearance- 
potential for that ion. In 
the case of hydrogen all the 
three curves cut the axis at 
the same point, indicating 
that they are the result of 
the same primary process, 

/.<?., the production of Tit ions. 

The peaks lit- i and Ht-i have been explained by Smyth, 
who is the pioneer worker in this field, as due to the ions which exist 
as Tit or 1ft in the collision space: but break up subsequently 
into H + -ions. 

Smyth’s apparatus has undergone several modifications* at the 
hands of later workers, Smyth, llogness and Lunn, Kallmann, 
Blcakney and others to suit their special purposes. 

Secondary effects .—From the above discussion of Smyth’s work 
on hydrogen we conclude that lit is the primary result of the 
electron impact with the hydrogen molecule, but there is every 
possibility that the Il^-ion may directly be produced at higher 
potentials and some H* -ions may be the result of secondary 
effects. It is evident that Smyth’s apparatus is unsuitable for detect¬ 
ing these effects. 

The collision of the second kind also plays au important part in 
secondary effects. Tlarnwelif working with a mixture of He and Ne 
in equal proportions found that the ratio of intensities of two ions, 



Fiflf. 19. Th<» intrnsity-voUftiCt* curves for 
11*+, H:,+, 11+ ions. 


* The following papers may be consulted:— 

Hogness and Lunn, Phys. Rev., 26, 44, 1925. 

Smyth and Stueckelberg, Phys. Rev., 36, 472, 1930. 

Smyth, Jour. Frank. Inst., 198, 795, 1924; Phys. Rev., 25, 4o2, 1925. 
f Ham well, Phys. Rev., 29, 683, 1927. 
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t.e., He + /Ne + decreases with increase of pressure. This indicates a 
collision of the following type : 

IIe + +Ne = He+Ne + 

whereby the neurtal atom with lower ionisation potential is ionised 
by an ion of higher ionisation potential, and the latter itself is con¬ 
verted into a neutral molecule. 

In general, therefore, following types of collisions will occur: 

A++B- A+B+ 

where J A > / B . It has been further found by the same worker that 
the probability of such collisions resulting in an electron transfer is 
inversely proportional to / 4 — / B . Such collisions have an important 
bearing on the problem of distinguishing between primary and second¬ 
ary ions by the effect of variation of pressure. Suppose electron impact 
with a gas molecule AB results in the production of two primary 
ions A + and B + . The following collisions are then likely to occur: 

A ++AB-V AB++A 
and B++AB-*AB + +B. 

And if the probability of the first reaction is greater than the second, 
it is evident that an increase of pressure would tend to increase the 
ratio of the intensities B + /A + and it would appear that B + is a 
secondary ion. Among other secondary effects affecting the relative 
intensities of the ions produced may be mentioned the angular 
scattering of the io?>s in the analysing space and the space charge 
effect in the collision space. But these two factors arc usually too 
small to be of any practical importance. 

301. Bleakney’s Apparatus.— The ' differential pumping 
method of Smyth described above suffers from one groat drawback, 
namely, the gas pressure in the collision space being very high, 
secondary collision phenomena take place very readily, and they may 
actually mask some of the less prominent primary effects. Bleakney* 
devised an apparatus in which a low uniform pressure was main¬ 
tained throughout the apparatus (both in the collision space and in 
the analysing chamber), and the disturbing effects due to secondary 
collision were completely overcome. The pressure is so low that 
the in. f. path of the ions is greater than the dimension of the analy¬ 
ser, hence no collision takes place in the analyser space. The 

* Bleakney, Phys. Rev., 34, 157, 1929; 35, 1180,1930. 



§3011 


BLEAKNEY’S APPARATUS 


617 

analyser used is also of a different type. Bleakney’s apparatus is 
described in Fig. 20(a) (side view) and 20(/>) (end-view). 



Electrons from a source F are accelerated by means of a poten¬ 
tial Vi through a long slit S into the collision chamber AB. A long 
solenoid encircles the whole apparatus, and the magnetic field due to 
it keeps the electrons in AB confined to a narrow line from S to P. 
By means of a second accelerating potential V ■>, positive ions formed 
in AB are drawn through slits in B into the analysing chamber 0. 
Here they pass between two condenser plates (\ 1) (ririr Fig. 20/>) 
and are subjected to the joint action of an electric field K and a 
magnetic field //, the respective displacements due to which balance 
each other. For one set of values of V>, E and 77, the ions that 
can reach the plate K are characterized by having 


n/Je - I7Z 2 //<:V 2 

where V = the fraction of P 2 effective in accelerating the ions, and 
the current due to this ion is noted as usual. 

The great merit of the method is that the gas pressure being 
very low, the probability of secondary collisions is almost absent. 
Bleakney noted that the formation of H* + from neutral H 2 
begins at 15*4 volts. This value, however, differs slightly from Smyth’s 
value of 15’9 volts. He observed a second donisation occurring 
at 18*0 volts. This corresponded to the formation of the H + -ion by 
primary collision of electrons with H 2 “molecules. Ilis most important 
resultant in this connection was the observation of fast H + -ions 
appearing at 26dbl volts. No indication of this was obtained in 
earlier methods as it was evidently masked by secondary collisions. 
The peak in the potential curve corresponding to the formation of 
F. 78 
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these ions is, however, very diffuse, but they have been confirmed 
by the careful investigations of Lozier.* 

The long slits necessitates the use of long solenoids and this fact 
puts, however, a limitation to Bleakney’s method. Further, the 
collision frequency being very small the intensity of the ions is not 
sufficient and the resolving power of the analyser is low. fn the 
case of II 2 the following primary processes were observed. 


Table /.— Critical Potentials of f[>. 


Gas 

Ions 

Appearance 

Potential 

Probable Process 


Ht 

15*9 volts 

h 2 -iU 

h 2 

H+ 

18-0 

H 2 -*-H + +H (dissociation am 



ionisation) 


H+ (fast) 

260 

H 2 -> II++II+K. K. 


FI+ (fast) 

—J _ 

46 

H 2 -*• H++H++K. E. 


Theoretical interpretation of the results obtained by Smyth, 
Bleakney and others are not unambiguous in all cases, and have 
been found to be accompanied with the excitation of different 
states of rotations and vibrations of the molecule, as well as their 
electronic excitation. This can be taken up only after the student is 
acquainted with the interpretation of Molecular Spectra. In a few 
cases the results can however be easily interpreted. Thus, the process 
corresponding to 18 0 volts most probably indicates the dissociation 
of Ha-molecule into Il-atoms, and ionisation of an II-atom. The 
heat of dissociation of H 2 is 4 5 volts and the I. P. of the Il-atom is 
13*5 volts which together amount to 18'0 volts. Similarly, the critical 
potential corresponding to 15’9 volts agrees with the theoretical 
ionisation potential of II 2 calculated*}" from the ground state of II 2 + . 

Similar results have also been obtained for N 2 , 0 2 , NO, II 2 0, 
I 2 , HC1, CII 4 and other gases. We shall discuss these results in 
the chapter on Molecular Spectra. 

The probability of the three primary processes of ionisations 
of H 2 (H 2 +, 11+ and H+ fast) has been studied by Bleakney, and is 
illustrated in Fig. 21 due to him. 

* lazier, Phys.Rev., 36, 1285, 1930. 

t Burrau, IJanske Vid. Selsk . m. phys. wddel, 7, No. 14, 1927. See 
also Smekal, Quanten theorie , p. 639. 
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In these the percentage of total current contributed by each 
of the three kinds of ions is plotted against different electron 
velocities. The uppermost curve corresponds to H+the-ions, 



l‘ifr. 21. Curves* illustrating tin* probability of different modes of ionisation of H s . 

middle curve to fast II + -ions with ordinates ten times magnified, and 
the lowest curve to IPMons also having the ordinates multiplied 
by 10. 'Hie probability of secondary processes of ionisation in 
Smyth’s method has, however, been found to bo much greater com¬ 
pared to that of the formation of II + and 11 + (fast) by primary 
collisions mentioned above. 

;J02. Einstein’s A and B Coefficients.™ -In section 108, wc 
briefly indicated that Einstein introduced a factor A nm which deter¬ 
mines the probability that an atom which has been excited to a level 
denoted by the symbol n can spontaneously pass to a lower level 
denoted by w, thereby giving rise to the radiation 

l/Vmn = K ~ E m .(1) 

where K n and E m denote energies in the higher and lower 
levels. The factor A nm determines the intensity of the line. If 
we have N n excited atoms at any time the amount of energy radia¬ 
ted per second by the atoms is given by 

A. n m 

Let us now consider the inverse process, that is, excitation of an 
atom from the lower state m to the upper state n by absorption of 
radiation hv mn . For this purpose we assume that the N m atoms 
{ire placed in a field of radiation in which the energy density corres¬ 
ponding to the radiation of frequency v mn is denoted by U mn . It 






G20 


CRITICAL POTENTIALS OF ELEMENTS L XIII 


is clear that all the radiation quanta of energy hv mn which fall on 
the N m atoms cannot be absorbed. There is a definite probability 
factor. Let this be denoted by B mn . Then the total absorption of 
the energy of frequency v mn is given by the expression 

Aw Umn ^mn mn 

Einstein showed that it is possible to find out a relation between 
the A and II coefficients by considering the equilibrium of radiation 
in a blackbody chamber of temperature T in which exchange of 
energy takes place due to emission and absorption of radiation by 
the atoms. In the equilibrium state we must have the emitted 
energy equal to the absorbed energy. We have, therefore, 

i\ w t J mn ^mn A n A nm 

Ufnn y ^nm / A n / l\ r m . . . . (2) 


According to the law of distribution of energy 

- x T __ tin v ( _ hn ~~ &m \ 

N,t g m l ‘ Xp V IT ) 

where g m and g n are the weight factors (equal to 2/-hi) of the suites 
m and n respectively. Therefore, 


Atim @n 
Bmn Uni 





. (3) 


Comparing this expression with Wien’s displacement law we have 
Umn ~ a V* mn t ( v mn / B) 

Further it follows E n - E m = //v, since the A ’s and B 9 s do not 
depend on the temperature. This is exactly the frequency condition 
assumed by Bohr in his theory of hydrogen spectrum, viz., the 
difference of energy in the two states is emitted as radiation, and is 
proportional to the frequency of the radiation. 

But this expression leads to Wien’s distribution law. Since in 
equilibrium, the radiation density is found experimentally to obey 
Planck’s law, we must have neglected in the above treatment of 
energy-balance an additional process of compensation. Einstein traces 
this in the influence of the radiation of frequency y mn on the excited 
atoms N n . He postulates that an excited atom may be stimulated to 
emission under the influence of radiation, and this may be put equal to 

Umn 
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where B nm i* s the probability factor of stimulated emission. 
In place of (2) we have now 

A nm + N n B nm U mn = N m B mn U mn 


Hence 


Now 


Umn 


Nn y l nm 


N rn B mn 


N-n B nm 


(4) 


U 


and we get 


_ n A nm 

~ 9m**» ' r ^ kT 'Kn-lnKm ’ ’ * 

mn - 00 when T ■=» - , therefore, ,j m li mn = g n H nm 

‘Kim ! I>nm 




On comparing this expression with Planck’s Law (equ. (>, p. 185) we get 

a in M 

ul nm / l *nm :i 

Though in this treatment the existence of stimulated emission 
or negative absorption has been proved on the assumption of 
Planck’s Law, the argument may be reversed, /.<?., by assuming the 
existence of stimulated emission, we can deduce Planck’s Law. 

The ideas introduced by Einstein in the previous treatment 
have been the starting point of many fruitful investigations in 
physical science, and we shall therefore add some experimental 
proofs in support of these ideas. 


303. Life of the Atom in the Excited State. —In the first 
place, we assumed that an excited atom left to itself will emit 
radiation and return to the normal state. Let N Wo be the number 
of excited atoms to start with. Let dN n be the number of atoms 
which return to the normal state in time dt . Then we have 

dN n - - N n A nm dt 

or <IN„ /N n = - A nm <U 

Integrating, we have 

S n ^N no C- A nr,e .(5) 

where Nn# is the number of Atoms which would have zero energy 
having unit quantum weight. The process is exactly analogous to a 
radioactive decay, and we can speak of the average life of an excited 
atom in the same sense as in radioactivity. , When there are only 
two states, the average life of the atom in the excited state is given by 

t *=* 1/ A nrn 
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Wien has determined the life of excited atoms experimentally. 
Before proceeding to a discussion of his experiments we shall try 
to give an idea of the value of the life from classical electrodynamics. 

It is only very recently that the newer developments in 
Quantum Mechanics have enabled us to calculate T. This cannot 
be taken here, but we shall give the value of T for the Planck dipole. 

According to classical electrodynamics the model resonator is an 
electrical dipole as mentioned on p. 183. The rate at which energy* 
is radiated by the dipole having the total energy content K is given by 

__ dK _ 8 a V c' 1 

dt 3c H ' ' m 

Sjt W 2 

from which it follows that K =--- K 0 r~ y \ when* y = „•-)7 - . . (no) 

ijC f/l 

Comparing (5o) with (5), wo have 

1 Wun*'’ „ 

T ~ > o 10 seconds .... ((>) 

A tnn bx'y-r* 

W i kn’k Fxi’KKlM knt. 

Wienf made a direct.determination of the mean life of llg-atoms 
by means of the apparatus shown in Fig. 22. It is a positive ray tube 
in which the anode is situated beyond It, and 
K is the perforated cathode through which 
positive ions may pass into the chamber B. 
These are gas molecules or atoms which have 
lost an electron each in the space It, but catch one 
while passing into B in some higher state of ex¬ 
citation. On account of the voltage applied 
across the tube, the ions are endowed with high 
velocity which persists even when they enter 
B as excited atoms. But here as they pass to 
lower states, a streak of light is produced with 
increasing faintness at the lower ends. These 

rr|f. aa. 

wien’H apparatus. streaks of light can be spectrophotographcd. 
On taking microphotogram of the spectral lines along their 
length, it is found that the intensity of the streak of light falls off 
according to exponential law 

I — I 0 e - r* 

* See Pauli’s Quantcn iheorie in //. cl Phys.. 28, 50, 1926. 
f W. Wien, Ann . d. Phys ., 73, 483, 1924* 
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If the ions have travelled for t sec. between two points on the 
spectrum separated by a distance x, we have then x *■ vt. Hence 

J -h <n vt 

By analogy with equation (5) this gives us the mean life T ~ 1/yr. 
He deduced from such experiments T ~ 0*08 X10“ 7 secs. This result 
however cannot be taken to be very accurate, for it is uncertain at 
which moment a particular process of excitation began and when 
it ended. Further, abnormally long life of atoms excited to meta- 
stable levels may considerably affect the mean life of ordinarily 
excited atoms. 

Wien's experiment thus gives us merely a qualitative test of the 
life of atoms. Many quantitative experiments have since been 
done to determine tin* life accurately. We give below an account of 
one of these experiments. 


Webb and Messenger's Experiment 

Webb and Messenger* employed an indirect method for the 
determination of the mean life of 3 Pi-Hg-atoms. These atoms 
were excited by the electron bombardment method to the state 3 P x 
and then the persistence of the radiation was measured after 
excitation was stopped. For large vapour pressures of mercury 
in the excitation chamber the persistence was found to be large 
on account of diffusion of radiation by repeated absorption and 
remissionf. But at a very small concentration the persistence 
approached a limiting value of about 10“ 7 see. which is the mean 
life of the excitation process. 

Their apparatus is shown in Fig. 23 and described below. 


F.an oxide coated hot cathode. 

G, H . . two grids of nickel gauze. 

P.photoelectric plate connected to a Compton electro¬ 

meter E. 

Q.Quartz window which separates the excitation 

and detecting systems, permitting only radiation to pass 
and preventing metastable Hg-atoms from reaching P. 

8 .shielding electrode. 


* H. W. Webb and H. A. Messenger, Phm. Rev., 33, 319, 1929. 

*f A detailed theory for this has been worked out by E. Milne, Journ. 
London Math Soc No. 1, 1926. Webb and Messenger’s results however 
do not agree with Milne’s law of variation of t with pressure. 
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T.... tube enclosing the whole system. One end of T is a little tape¬ 
red so that liquid mercury may collect in it. It is enclosed by 

a water bath which 



FIfc. 22{. W»*bb and Mon.scnjjcr7» experiment. 


can be kept at any 
steady temperatures 
between 80° to 
- 20° C. By heating 
the chamber to 
different tempera¬ 
tures, different 
vapour pressures 
of mercury can be 
obtained. 

M . . . . the point 
where a diffusion 
pump is attached. 
It operates con¬ 
tinuously and pre¬ 


vents accumulation of vapour in any part. 

Electrons from F are accelerated by an alternating voltage 
acting between G and F. Electrical connections are so arranged 
that Hg-atoms are excited by electron bombardment only during 
the positive half of the cycle. Radiation emitted from excited atoms 
ejects photo-electrons from P, between which and H an alternating 
voltage of the same frequency and phase is applied as between G and 
F. By this arrangement a positive photoelectric current is made to 
exist during the positive half cycle of e.m.f., but there is no current 
to or from the plate during the negative half cycle. By applying a 
suitable voltage between F and G (6 volts) and regulating the vapour 
pressure of mercury, it is ensured that only >.2537 is emitted. 

For very low frequencies (below 60 cycles per second called 
the “zero frequency ”) emission of radiation is practically complete 
during positive half cycle in which a maximum photoelectric 
current exists. But as the frequency is gradually increased, on 
account of the persistence of the excited state in the negative cycle, 
more and more photoelectrons are ejected from H and travel to P 
during the negative cycle. This reduces the electrometer current by 
some extent. But at very high frequency (i infinite frequency) the . 
current approaches a limiting value which is nearly half of the 
current at zero frequency (see Fig. 24). 
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The frequency of the A. C. voltage is varied between 60 
cycles per second to about 10 7 cycles per sec. (radio frequency). 
The source of A. C. voltage supply* was a valve oscillator circuit 
with suitable condensers and inductances. 

To calculate X from these data, an III frequency curve is 
drawn in which the frequency v of the applied voltage is plotted as 
abscissae and R the ratio of the current at any frequency to that at 
zero frequency as ordi¬ 
nates. This curve is shown 
in Fig. 24. 

If, as is generally the 
case, the time-excitation 
process follows a sine curve 
during the positive half 
cycle, and the photoelectric 
characteristic of the plate system is such that the current changes 
from saturation value to zero as soon as the voltage is reversed, it 
can be shown (lor., at.) that 

\ “2jcv 4 .(7) 

This formula is deduced on the supposition that the radiation decays 
according to the exponential law 

I — I 0 e~ t,T 

and v, represents the frequency at which the current falls by half 

the difference between the currents at zero and infinite frequencies. 
Generally the above simplifying conditions are found approximately 
to hold good. Bo X can be easily calculated from the jR/frequency 
curve. In cases where these conditions are not satisfied, calculation 
of X can be made from the forms of the time-excitation curve, 
voltage-current curve and working out the area enlosed by the 
i?/frequency curve by integration. For details the original paper 
should be consulted. X is calculated for different concentrations of 
mercury atoms obtained by varying the temperature over a wide 
range, and a graph is plotted with l/x as ordinates and concentration 
as abscissae. This is shown in Fig. 25. At very low concentration 
the phenomenon of repeated absorption and remission of radiation 
by Hg-atoms is practically absent, and x gives the mean life 



Fifr. 24. The ///frequency curve. 


* Webb, Phys. Rev., 23, 311, 1924. 
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corresponding to u single process of excitation and emission. A 
value of T“10' 7 sec. was obtained for the mean life of s Pj.-state 


of mercury atom. 



(Number of atoms per c.c.) * 10- H 

Fijr. 23. Curve illustrating the relation between concentration 
and life of the atom. 


It is very 
necessary how¬ 
ever that only 
the 1 S 0 - 8 P t 
X 2537 line and 
no other radia¬ 
tion should be 
excited during 


the process. This condition is evidently satisfied, because the radia¬ 
tions which may follow due to further excitation of 8 P x -state are 


X2055 2*P l -4 I D f and X4358 2 8 P X -2% 


The mean lives of these two radiations are evidently much 
smaller. The presence of such atoms with widely different lives 
would make the /2/frequency curve very irregular. But this is 
not found to be actually the case. Further it is found that H does 
not change much with change of the peak value of the voltage 
between 6 to 2*5 volts. This supports the above view. 

Recently Garrett* repeated Webb and Messenger’s experi¬ 
ment with greater precision and obtained t=l*08X10" 7 sec. for 
2 :J P x -state, and T—2*9X10" 10 sec. for 2 1 P 1 -state of Ilg. The 
curves in Figs. 24 and 25 are due to Garrett. 


304. Measurement of Life of Metastable Atoms. —The life 
of metastable atoms is of a different order of 'magnitude than that 
of excited atoms and can be measured with simpler arrangements. It 
will be described in Chap. XIV that 2 p b 3s 3 P 0 ,2 states of Neon are 
metastable, as atoms once excited to this state cannot pass to the 
fundamental 2 p G 1 8 0 state on account of the selection principle that 
A j =j= 2 or (0-*0). Meissner, Dorgelo and Graffunder f found 
experimentally that the life of the 3 P 2 -state was of the order of 
1/240 and that of 3 P 0 of the order of 1/2000 of a sec. We describe 
below a modification of the same experiment due to Matuyama.^ 


* P. H. Garrett, Phys. Rev., 40, 779, 1932. 
t Meissner and Graffunder, Ann. d. Phys., 84, 1009, 1927. 
t Matuyama and Meissner, ibid., 76, 124, 1925 ; Dorgelo, Zs. f. Phys., 
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E . . . . source of steady light excited by a D. C. generator. 

Li,L 2 ...... lenses for condensing the light and render¬ 

ing the beam parallel. 

A . . . . Absorption tube containing neon which is excited 
by joining the elec- Neon Neon 

trodes B and C to the L| i n L 2 D L 3 L, 

secondary terminals E * ft • • • 'jkv•*- *§".*'*' : 

of a high frequency & c I V 

OSClllatOr. Kijjf. 26. Matuyumu's apparatus. 

I) .... Rotating disc of bakelite having its rim lined 
with copper for a length of 6 cm. When this comes into 
contact with a brush placed below, a flash is sent through 
the neon tube A. For the remaining part of the revolution the 
tube is cut off from the source of excitation. One revolution takes 
nearly *04 sec. but the time for which the neon tube is excited is 
*002 sec. The disc D contains a light-hole F which is placed at a 
variable distance from the contact piece so that the light from E 
after traversing the absorption tube can pass into the spectroscope 
8 only at a definite interval after the excitation is cut off. 

When a discharge passes through A, a number of No atoms are 
excited to the 3 P 2 -state. When the excitation is cut off they persist 
for some time and may be assumed to decay according to the 
exponential law : 

Now unexcited neon is completely transparent to all light in 
the visible region, but when it is excited to the , ’ > P 2 -state it would be 
able to absorb a number of lines in the red of which the line X 6402 
(2 p b 3 s S P 2 —2 p 6 3p 3 l)a) may be utilised for quantitative measure¬ 
ments. If neon is not excited, this line would pass through the tube in 
full strength and be recorded on the photographic plate. If, however, 
the gas is excited it will be considerably enfeebled on account 
of absorption by the 3 P 2 -atoms. The amount of absorption may be 
taken to be proportional to the number of s P 2 -atoms present. If 
the light hole is very close to the copper contact piece, the absorp¬ 
tion will be maximum. But if it is placed at varying distances the 
absorption will be gradually enfeebled. A curve may be drawn 
showing the logarithm of absorption against the time which has 
elapsed between the excitation of the Neon tube and the passage of 
light X6402 through the light hole into the spectroscope. If the 
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conditions were so simple as described, this would be a straight line 
and from the slope T can be calculated, but in actual practice a 
straight line is never obtained on account of the decay of the excited 
atoms through collisions of the second kind and other factors. For 
further details regarding the measurement of absorption the original 
papers may be consulted. 

305. Thermal Excitation of Gases—Introduction.—So long 
we have been considering cases in which the ionisation or excitation 
of atoms and molecules are brought about either by means of electro¬ 
nic impacts or by the impact of light quanta. Rut there are agents 
other than electronic impacts and light impacts which can stimulate 
atoms and molecules to different excited states or even to single, 
double, or higher stages of ionisation. One of these agents is heat. 
The general effect of heat on matter may be described as a gradual 
loosening of its component parts. At the lowest temperature, all 
substances exist in the solid state; when more heat is added, they 
pass to the liquid state ( Fusion) ; at still higher temperatures 
the liquid becomes a vapour consisting of discrete molecules 
{Vaporisation). When the vapour is further heated, the molecul^ 
break up into component atoms. What happens next when the 
atoms are further heated ? We can suppose that the atoms collide 
so violently against each other that electrons (at least the outer 
ones) are knocked off, and the atoms get ionised. 

The disruption of an electron by thermal excitation is not * 
however an abrupt process. Before the stimulus reaches the 
stage of ionisation, heat may be sufficiently great to excite the 
valence electron to second, third or higher levels,of excitation. But 
these states being unstable, the electron will at once fall back to 
its normal orbit, emitting as a consequence the various series of 
optical spectra characteristic of the atom. Thus the ionisation of 
an element due to heat is always preceded by the emission of 
its spectral lines. If the gas consists of di- or poly-atomic molecules, 
the effect of heat, in the first instance, is to cause dissociation of 
the molecules; but preceding that, the molecules will emit band 
spectra corresponding to the vibration ‘and rotational excitation of 
their component parts, or change in thg electronic states of the 
molecules as a whole. 

The temperature at which the complete ionisation of mole¬ 
cules takes place is generally very high. Tf&e for example the 
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case of water. The various stages leading to the thermal ionisa¬ 
tion of its component atoms are shown below: 




Table 5. 


State 

Process 

Temperature 

1. 

Solid to liquid 

Fusion 

o°o 

2. 

Liquid to gas 

Vaporisation 

100’C 

3. 

Molecules (gas) to atoms 

Band emission 
H 2 0 -* 2H + () 

3500“C 

4. 

Atoms excited 

Emission of arc 
lines of O 


5. 

First ionisation 

O -> 0+ + e 

0+ /B 6 -stars\ 

u \ir>ooo°K/ 

6. 

Excited states of ionised 
atoms. 

Emission.of spark 
lines 


7. 

Second ionisation 

0+ ()++ + e 

0++ ( 0>,-stars \ 

U U r ’00(TK ) 


We thus see that the first ionisation of the oxygen atom formed 
by the dissociation of H 2 0 molecules takes place at a temperature 
of about 15000K, and second ionisation at as high a temperature 
as 35000° K. Such high temperatures are almost impossible to 
attain in the laboratory, the maximum available being not 
greater than 4000°K. From this it becomes evident that the 
processes of thermal excitation are rather difficult for laboratory 
study, but not quite impossible. In fact before a clear theory of 
thermal ionisation was given by the senior author of this book, A. S. 
King had demonstrated that by simply heating an element in a high 
temperature furnace, the atoms can be excited to luminescence. He 
also found that groups of lines are ve: y sensitive to temperature- 
excitation. Some come out easily at low temperatures (class I), 
others come out only at very high temperatures (classes III and 
IV). The right materials for investigations on thermal excitations 
are however the stars, for in them the surface temperature may 
reach to any value as high as 10 5 ‘K. In fact even towards 
the end of the nineteenth century when nothing was known about 
the structure of the atom, Sir Norman Lockyer had concluded 
from his extensive studies of the spectra of the stars that elements 
exist in them in different and more primitive form than those 
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existing in onr laboratories. He elaborated a hypothesis of proto- 
atoms and evolution of elements. But as the senior author had 
shown his results can be best explained by the hypothesis that in 
stars atoms are excited to higher states/ and ionised to successive 
degrees by thermal excitation. 


306. Thermal Ionisation as a Case of Reversible Che¬ 
mical Reaction.— We shall nOw consider the process of thermal 
ionisation a little more closely. Det us suppose that the effect of 
heat on an atom of Ca is to knock oft one electron and ionise it. For 
simplifying the situation, we shall neglect excited states of the 
unionised atom. Then we can represent the process of ionisation by 
the chemical symbols: 

CanCa + +*.(8) 

The process may be likened to a reversible chemical reaction, just 
like the dissociation of NII 4 C1 into NH:j and HC1. For such re¬ 
actions we have, according to the laws of thermodynamics, the total 
change in the thermodynamical potential of the system equal to 
zero, that is 

5# = 0 


where $ stands for the thermodynamical potential for the whole sys¬ 
tem and is equal to U + p V - TS, f/= internal energy, p —pressure, 
V « volume, T = absolute temperature and S = entropy of the 
system. In the present case we have 

ca+ + *be — 4>c» = 0 '.(9) 


f Instead of using the function $ we shall use the associated function 


U+pV 


^Ca++ We 


- Vo.=o. y . 


Using the thermodynamical expression for V we have for one mole¬ 
cule of calcium vapour / i 


Vc. = C pCi InT - Itlnpct + Bin 

■ - ^ vs__ 


(2nmflk$ 


■ (U) 


Here the subscript Ca denotes that 1^e qn^^ie8 ^n.cerBed refer to 
tile calcium atom. Thus g is the 

Qpc% its molecular specific heat> and A38. (ab- 

. solute hull-point of 

A-.*** Boltzmann constant. V pow the 
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pressure pc. be expressed in atmospheres, R and Cp in calories 
per degree and we convert the logarithms to the base 10, we get 

2*30 R “ 2 log T ~ log Cc * ~ 23 RT ’l' ’ 

Here Cca is the chemical constant for Ca-gas and is given by 
Cca == - 1*587 + | log M+ log \±_^J 

We have now to calculate the ^-function for Ca + and electrons. 
We suppose that they are monatomic gases, and their ^ is given by 
formula similar to (11), only in the case of the electron m = 1/1849. 
The equation (10) reduces to 

ln Pc ** — = - J/ + f In T+ln ( !.-&-£-) . . (13) 

pc. RT 2 \ (j > 

where (J e = weight factor* of the electron, and g, g + those of normal 

and ionised On. Expressing p in atmospheres we have 


pe.+ p. 


zdwr + I log T ~ 6-49 + log • (14) 


where f7~( f/ C(l + + U e - f/ Ctt ) = heat of ionisation of Oa at the A.N. 

The chemical constants of Ca and Ca + cancel out provided we 
neglect g , and (3*49 is the value of the chemical constant of the 
electron, />., - 0*49 ^ —1*587 +f log (1/1849). 

If we start only with Ca, and go on heating it, then all Ca + 
and electrons will be the decomposition products of the original 
amount of Ca. Suppose we have n gram molecules of Ca per unit 
volume to start with. Let a fraction ‘ x ’ be ionised. Then we have 

Pi p e =» nxkT, p a = n {l-.r)kT 

Hence p — total pressure — pi + p e + p a = n (1 + x) kT 
We have finally 

x 1 — x 


Pi =p. -T+- 
Then equation (14) reduces to 


P> Pa 


P=- 


+ flo.r-6-49 + log iML . (15) 

"(I 


♦The weight factory ** ^+1, where J is the inner quantum number of 
the ground term. It comes in the expression for entropy as an extra 
summation term. The reason for this is the fact that an atom When placed 
iii a magnetic field can take only %*+1 positions of orientations, and this 
increasesthe enfeopy of 
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This equation was first given in 1920 by the senior author*, and 
applied widely by him to explain the spectrum of the Sun and other 
heavenly bodies. # 

J. Eggert was the first to show that the chemical constant of the elec¬ 
tron may be calculated from the Sackur formula C = —1*587 + $ log M. 
He applied the law of reaction isobar to calculate the ionisation in the 
interior of stars as postulated in Eddington’s theories of stellar structure, 
but his values of U, the heat of ionisation, were rather hypothetical. Linde- 
mann deduced the ionisation formula for hydrogen, but did not make any 
practical application of it. 

For calculating the percentage of ionisation of any element 
according to the above formula under varying temperature and 
pressure, we require a knowledge of the heat of ionisation. The 
corresponding quantity in chemical reactions (c.g. y in the reaction 
NH 4 C1 — Nils +IIC1 - U) is called the heat of reaction and is ob¬ 
tained from calorimetric experiments. Butin the present case f/can 
be obtained indirectly from spectroscopic data (from the limit of 
convergence of the principal series of the element), or from the direct 
determinations of the ionisation potential by Franck, Hertz and 
others. We have 

U in cal. = / X 23050 - v 0 X 2*844 

where / =* ionisation potential in volts, v 0 = convergence fre¬ 
quency of the principal series in wave numbers. Thus for Na, it has 
been found that v 0 = 41000 whence I = 5*12 volts ; we have U = 

J17 k cal.; Le. y 117 k cal. of heat are evolved when one gram atom 
of Na + combines with one gram atom of electrons to form one gram 
atom of neutral Na-gas. The reaction can be represented by the 
chemical symbol 

Na - Na+ + e - U. 

It is found that the alkali elements have the least I.P., inert 
gases have the largest I. P. ( vide Table, at the end of this chapter). 

Formula (15) is derived on the assumption that all electrons arise 
from the decomposition of the original mass of Ca. In other words, we 
assume the system to be unicomponent . But the electron can also arise 
from the decomposition of other elements. Hence it is useful to consider 

Saha, Phil Mag., 40, 472, 809, mOyfroc.Roy. Soe.A.dd, 

ldo, 19dL 
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the modification of formula (15) when the system is a bicomponent one, i.e., 
the electron density is arbitrary. We have then 

r< p M 


or 


In 


log 


V 

1 <L 


X 


f 


~ [If + | T + In (Ig i <j e / g u ) .(16) 

“ 4*573 T^ 2 l°ff ~7T • 0*0 


1— X 1 +f / 4’OViJ'i’ 2 ~ 

where a? is the percentage of metal ionised and f — proportion of free 
electrons to the original number of undecomposed atoms. This modifica¬ 
tion was given by Prof. H. N. Russell.* 


307. Calculation of 
ments.—With the aid of 
any element whose 1. P. 
is known under varying T 
and p. We give opposite 
a table showing percent¬ 
age ionisation of Ca un¬ 
der varying temperature 
and pressure. 

It is seen that ionisa¬ 
tion becomes perceptible 1 
only when the tempera¬ 
ture is sufficiently high, 
much higher than the 
temperatures which we 
can command in the 
laboratories. Such tem¬ 
peratures are obtainable 
only in the Sun and the 
stars which have surface 
temperatures varying from 


the Percentage Ionisation of Ele- 

(15), we can calculate the ionisation for 

Table 6 *.—Percentage Ionisation of 
Calcium. 


Pressure 




! 

1 atmos. 

10-2 

S \ 


atmos. 

Temp. 



2000 P K 



3000 



4000 


2*8 

5000 

2 

20 

6000 

8 

64 

7000 

23 

91 

souo 

46 

98*5 

9000 

70 

100 

10000 

85 

u 

11000 

93 

yy 

12000 

965 

u 

13000 

98 



10' 4 atmos. 


1*4 x 
1 

26 

90 

99 

100 


10“3 


3000°K to 30000°K. 


The above calculations of ionisation have been made after neglecting 
the weight factor. The inclusion of weight factors causes the calculations 
to be somewhat revised. Thus in the case of calcium, we have 


% g. 


1 


g is henceforth always taken to be 2 owing to the fact that the electron 
has spin. g a — 1, as the constitution of Ca is 4$ 2 ^o, it is magnetically 


* H. N. Russell, Astro. Phys. Joum ., 55, 119, 1922. 





634 CRITICAL POTENTIALS OF ELEMENTS [XIII 


neutral and hence may be regarded as spherically symmetrical Ca+ is 
just like K, having the electron constitution 4s 2 S^ hence //, — 2. 

The ionisation formula for Ca is therefore 

in _JL Ve = In T + In I + In 4 . . . (18) 

where I = (23cm) * //* 3 . 

But in the ease of Na, we have g = 2, g — 1, as Na+ has the con¬ 

stitution 2p 6 »S 0 and is magnetically neutral. 


g. 9 

We have therefore In —- 


In 1 = 0. 


The ionisation of Na is given by 
x 


"T-V'. - ~RT + I‘“ T+lnI 


Equation (18) can also be written in the form 


In 


x 


-- V 

- x e 


{U^-llTln 4) 

— 7 w - + J + • • • (i9) 


Thus compared to Na, the effective I. P. of Ca or any other similar 
atom is reduced by (//*4)/23000 volts. At r=G500° (temperature of the 
Sun), this amounts to 17 k cal. or 74 volts. The 1. P. of Ca is reduced 
to 5*3 volts, i.e„ calcium shows almost the same percentage of ionisation 
as sodium. The I. P. of barium which has normally the same value as 
that of sodium, is reduced to 4 41 volts, slightly higher than that for 
potassium, i.e ., Ba is almost completely ionised in the Sun. 


We therefore see that the percentage ionisation of an atom 
depends to a large extent on its ionisation potentials. A full table 
of such data as determined by experiments described in earlier 
sections or from spectroscopic data is given at the end of this chapter. 

We are thus in a position to calculate percentage ionisation 
of elements in stars under varying temperature and pressure by 
using equations (15,18,19), from a knowledge of ionisation potential, 
and other spectroscopic data for these elements. It is now necessary 
that we should be able to detect experimentally the degree of 
ionisation of different elements in any star. The chief method for 
this depends upon the analysis and classification of spectral lines 
emitted by a star and comparison of their intensities. Suppose the 
spectrum of a certain star shows a very strong K-line, but a faint 
fT-line of Ca. Since the 0-line is due to neutral Ca atom, and 
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IT, K-lines, due to 0a + , our conclusion will be that in this 
particular star most of the calcium atoms must be in a completely 
ionised state, i.e,, as Ca 4 *, and a relatively very small proportion in 
the neutral state. Further the ratio of intensities of the K and 
0 -lines would give roughly the proportion of Ca + -atoms. This 
then enables us to make a rough estimate of the temperature of the 
star with the aid of (19), provided the values of ionisation potential 
are kuown and an approximate idea of pressure of its atmosphere 
can be formed from other evidences. Formula (19) coupled with 
suitable spectroscopic data is therefore expected to yield most 
valuable information regarding the physical conditions of stellar 
bodies. 

308. Darwin and Fowler’s Modification of the Ionisation 
Formula. —The ionisation formula (15) is however incomplete as it 
does not take into account the excited states. In the deduction 
of (15) the assumption has been made that when a mass of Ca atoms 
is heated, the products of decomposition are Ca + and electrons. 
As already mentioned this is not quite true. At sufficiently high 
temperature a substantial percentage of normal Ca-atoms exists 
in excited states, so that there will always be found besides normal 
and ionised atoms and electrons a number of neutral Ca-atoms 
excited to higher states. 

We shall illustrate the method of taking into account the 
excited states in the simplest case of hydrogen. 

Let pi =• be the partial pressure of the ionised atom 

p e ~ ... ... ... electrons. 

p n = ... ... ... atoms in the 

n th quantum state. 

Let us now consider the equilibrium between the atoms in the nth 
quantum state, H+ and electrons. We have 

In K„ - In -|f + |rln T+ In (/. //. !h (g n ) . . (20) 

!U . 9 «. ffn denote the weight facts of H+, the electrons, and the H-atoms 
in the nth quantum state. As a special case, for n = 1, we have 

lnK\ = In = ~ ~ InT + In (I. g e 9i /</,). . . (21) 


Hence subtracting, we have 

In {V » I Pi) =s — - fry - " + ln (S'" 19i) 


( 22 ) 
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which is just the thermodynamical equation for equilibrium between two 
allotropic modifications of the same substance. We have 

X| I kT Xi/kT Xn I kT 

pi'.pf. . . . .:p„ -Hi e :g 2 e . .. :ff n e . .(23) 

To find out an expression for ionisation, we observe that 


JjL.„-T- % e*' lkT .{s,Jlg i 9') .(24) 

Adding up for all values of p n and putting/) we obtain 


.. JL 

Vi Pe 


T 


K x ' /kT b (T) 
i 9i <Jc 


where b (T) = <n + g 2 c~ (Xl 

Hence we have the final formula 


• + « 


(xi -X,,)/kT 


■ ■. (25) 


In Pi ~‘ — - ]} r In T+ In (ly. <J e ) - lub(T) . . . (26) 

If the ionised atom be such that it possesses easily excitable 
nietastable or higher levels, as is the case with (Ja+ (and also with Sr+ and 
Ba+) which have a normal 46-level, and a metastable 3d-level, 
then on ionisation it may pass not only to the normal level, but also 
to some of these higher levels, e.g., in the case of calcium, we have 
Av (4s — 3 d) =* 13650 cur 1 and also easily excitable higher levels 
(Av (4s—4/y) = 25414, 25191cm* 1 frequencies of H and K-lines). The great 
strength of the H and K-lines in stellar spectra and of the presence 
of subordinate lines of Ca+ in these show that the excitation to these 
levels is quite? considerable. For taking account of these facts, we have 
to introduce a further summation b f (7') for the ionised atom : — 

b’ (7 1 ) « g_ g_ ^ c~( x i 4 . # . . 4 - g^e “(*1 " V&7 7 . (27) 

where g. - weight factor, X„ the relative energy of any metastable or 

*,n 

higher orbit. The X\s now refer to the ionised atom. 

Then the ionisation formula becomes, if we put g e =*= 2, 

In = *±. + jj_ In T + In 2 / -In b{T) + In b' (T) . . . (28) 


If we suppose that both b(T) and b\T) are confined to single 
terms, b(T) =» g a b\ r [) *» g. and formula (28) reduces to (13). 

This expression differs from the expression (13) in having the extra 
terms b(T) and 6 , (7 1 ). It was first derived by Darwin and Fowler* by 
their special method of calculating statistical averages by means of 
complex integration. 


* Darwin and Fowler, Phil. Mag,, 45, 1, 1923. 
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For the case of hydrogen, we have 

g = 2 + 2.3 + 2.5 .- 2 

,7 » 

_ /M /J_ \ Eh i l 1 X 

Hence “ 2 + 2.22 e .+2n2 <T ** Vi*” /+ . . 

The series is easily seen to he divergent. Darwin and Fowler are of 
opinion that this is not a serious difficulty as the conditions postulated for 
the development of the higher orbits cannot hold in any actual case. The 
radius of the nth orbit is a 9 n 2 , and if the pressure be finite, such large orbits 
cannot be developed. The series will therefore terminate, or the higher terms 
will have to be multiplied by some factor which w*ll make them vanishingly 
small. Such corrections have been introduced by Urey and Fermi * 

For more complex type of atoms, the ionisation formulae will naturally 
be more complex. 


Multiple Ionisation 

In certain cases, as we shall see presently, an atom may suffer double or 
treble ionisation. A notable example is silicon which is obtained in the stel¬ 
lar range in three successive stages of ionisation, as Si, Si+, Si++, 8i+++. 

For such cases, we are called upon to find out formulae for the calcu¬ 
lation of ionisation in the different stages. This can be done by an exten¬ 
sion of the methods already given. Only the final results are given here. 

Let Xq be the fraction of atoms in the normal state, and X\, x 2 , .... 
x„ be the fractions of atoms in the first, second, .... nth stages of ionisa¬ 
tion. Then we have 

1 *■ X 0 + Xi+X 2 + . . . + Xn 

Let f be the proportion of free electrons to the original number of 
neutral atoms and K n be given by the equation 

In K„ = In (p n+l .p e /p n )- - jjj=r + |/« T+ln2I-ln b„ (T) + ln b H+i (T) 

where X w * energy of ionisation from M + “ to M +( ” +1) stage. 

Then we have 


In 

In 


In 


®i X 
x 0 !+/" 

x 2 f 
x\ 1+/’ 


Xn f 

Xn-l T+? 


P 

V 

P 


In Ao 
In K\ 

■ •I 

In R„ j 


(29) 


♦ 

1924. 


Urey, Astro. Phys. Jour., 59 , 1,1914; Fermi, Zs. f. Phys., 26, 54, 
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Wo illustrate the use of formula (29) by a special case. 

It is found that the first I. P. of Ca is 6'09 volts, the second I. P. is 
11 *82 volts. Ca++ has argon-like structure, hence its I. P. is very high; 
nctually it is found to be. nearly 51 volts. In the stellar range, we there¬ 
fore expect to get Ca, Ca+, and Ga++. Let the fraction of Ca+ and 
Ca++ he x and y respectively Then (29) reduces to 


, _ x _ f 

l —x—y ' \ +f 

[Put. x 0 = 1 — x—y. 


■ Pe - - -J$ I{T + | T - 6'49 
X\ - x in the first equation of (29) ] 


lo<r 


!f 

x 




T - 6*49 


. . (29') 


We have neglected the extra factors b (7\ b f (T) in these deductions. 
Subtracting one from the other, we have 



x 2 

- i - y) y 


r> 2 - T7x 

2:4 rt 


(BO) 


309. Application of the Ionisation Formulae towards a 
Physical Explanation of the Spectra of Stars.—From the 
application of the laws of radiation it has been found that the surface 
temperatures of stars are found to vary from 3000°K for red 
stars to over 20000°K for white stars. The surfaces of stars there¬ 
fore present the best material for the application of the ionisation 
formula). As light is the only material reaching ns from these 
distant universes, all that we can hope to know about them must be 
from the analysis of their light. But before any theory was known, 
the astronomer Sir Norman Lockyer undertook a systematic in¬ 
vestigation of the spectra of stars. He discovered the remarkable 
fact that inspite of their large numbers, the spectra of stars can be 
classified into about five or six well defined groups, which show signs 
of a continuous transition from one stage to the other. The work 
was then continued at the Harvard College Observatory by Prof. 
E. C. Pickering and Dr. (Miss) A. J. Cannon, who photographed, 
before 1914, the spectra of not less than one hundred thousand stars. 
The result was in the main a confirmation of LockyePs result, and 
can be described in the following words of Prof. H. N. Russell :— 


“The spectra of the stars show remarkably few radical differences in 
type. More than 99 per cent of them fall into one or the other of the six 
great groups which during the classic work of the Harvard College Obser¬ 
vatory were recognised as of fundamental importance, and received as 
designations, by the process of the survival of the fittest, the rather arbitrary 
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letters B, A, F, G, K, M. That there should be so few types is note¬ 
worthy, but much more remarkable is the fact that they form a continuous 7 
series. Every degree of gradation between the typical spectra denoted by 
B and A may be found in different stars, and the same is true to the end 
of the series, a fact recognised in the familiar decimal classification, in 
which Bg A, for example, denotes a spectrum half way between the typical 
examples B and A. The series is not merely continuous, it is linear. 
There exists slight difference between the spectra of different stars of the 
same spectral class, such as A, but these relate to minor details Almost 
all the stars of the small outstanding minority fall into three other classes 
(or rather four), denoted by the letters P, O, N, R. Of these, O undoubt¬ 
edly precedes B at the head of the series, while R and N which grade one 
into the other, come probably at its end, though in this case the transition 
stages are not clearly worked out. ” 

Since the above was written, much further work has been 
done particularly by Prof. Plaskett at the Dominion Observatory, 
Victoria, Canada, on the O-fcype of stars,* and by the Harvard 
workers on the M-starsf. The result has been the extension on the 
upper side of the decimal notation to spectra of O-class and on 
the lower side up to the M-elass. The temperature range varies 
from 3000°K to 3500(^K. Besides these regular types, other low 
temperature types (generally very small in number) have been 
discovered and denoted by the letters R, S, N 

General Features of Variation. — A general idea of the variation of 
stellar spectra can be gathered from Fig. 27 which is a modification of one 
originally due to Lockyer, and subsequently modified by Milne, and the 
analysis of the results is summed up in Table 7. 

Explanation of the Table 

The first column contains the name of the elements, the second 
column the particular characteristic line by which it is detected. The 
third column gives the spectral designation of the line in the notation at 
present adopted (Russell, Saunders and Shenstone), column 4 gives the 
excitation energy in electron volts for raising the neutral atom from the 
normal state to the particular state in which it can absorb the line. Thus 
for the Si++line X 4552, etc., the excitation voltage is calculated as follows. 
We start with normal Si. The first I. P. is 8*12 volts, the second I. P. is 


* H. S. Plaskett, Publ. Dominion Aslr. Observatory, Victoria, Canada , 
1, 375, 1921; No. 17. 

+ Menzel, Harvard Circular, 158, 1924. 
i Merril, Astro. Jaunt:, 61, 13, 1926. 



640 


CRITICAL POTENTIALS Of' ELEMENTS [ XIII 


Table 7.—Stellar Lines of Astrophysical Importance.* 


Element. 

Line 

\ in A. U. 

Spectral 

Description. 

Excitation 

Potential. 

Appearance. 

Maximum. 

Disappear- j 
ance. ! 

H 

4861 

(Balmer 

series) 

■§> 

1 1 

10*16 


Ao 


He 

4471 

U 2p — \s 4 d 

3P —31) 

20-85 

A 0 

B 0 

<>6 

He+ 

4686 

3d-4,/' 

7262 

Ho 

0 , 

o, 

c 



... 

... 


• • . 

c+ 

4267 

2*2 3d-2s 2 4/' 
2 D- 2 R 

32*07 

B 8 

B 2)3 

o, 

C++ 

N 

4648, etc. 
(Triplet) 

2 s 3s — 2s 3 p 
»S~«P 

63*8 

b 2 

0 8 ,9 

o, 

N+ 

3995 

a* 

1 1 

32 88 

A 0 

B 0 

Bo 

N++ 

0 

4097 

2s 2 3s—2s 2 3 p 
2S-2P 

74*30 

Bo 

• •• 

o 7 

o 6 

• •• 

0 + 

4417 

2/)2 3s —3 p 

3973 

Bo 

B, 

o, 

0 ++ 

3760 

1 1 

•Sr 

84*64 

Bo 

o 9 

Oo 

Na 

5896 

3s— 3p 
2 S- 2 P 

0 

Lowest 

Lowest 

b 9 

Mg 

4352 

3s ip—3s id 
iP-iD 

4*3 

Lowest 

K 2 ,6 

A 0 

Mg+ 

4481 

3d-Zf 

2 D- 2 F 

16*46 

Go 

a 2 

0 7 

A1 

3944 

1 1 
VO** 

0 

Lowest 1 

Lowest 

A 0 

A1+ 

39007 

3s4j)-3s4d 

>P-«D 

13*35 





* For a fuller list, see Russell, Astro. Journ., 61, 223,1925. 
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Table 7. — (continued) 


Element. 

Line 

1 in A.U. 

Spectral 

Description. 

1 

Excitation 

Potential 

A ppearance. 

5 

* 

be* 

Disappear¬ 

ance. 

Hi 

3905 

3»* —3 j) 4s 
>8 0 -‘P 

1 90 

Lowest 

G 0 

a 2 

Si + 

4131 

M—if 
*D — * K 

18*32 

i 

1 

F„ 

A 0 

B 0 

Si++ 

4552 

3s 4s—3s 4 v 
»S-»P 

43*2 

b 5 

b 2 

0* 

Si+++ 

4088 

4.v—4/> 

81*6 

b 2 

o 9 

0 6 

P 






! 

P+ 







S 







s+ 

4162 

3/i 2 4g—3^ 2 4 d 

303 


Bs 


S++ 

4253 

3/1 4.v—3» 4 p 
3P-8D 

51*8 


B! 

0„I 

Ca 

4227 

4s 2 — 4s 4 p 
^-ip 

0 

Lowest 

Lowest 

Bo 


4455 

4s 4/i—4.v 4 d 
3 P~3D 

1*92 


k 2 

Fo 

Ca+ 

r3933(K) 

13968(H) 

4.^ ~4/i 

2 S — 2 P 

6*1 

Lowest 

K, 

Oo 

Sr 

4607 

5.v 2 —5 5 5/i , 

USo-sp 

0 

Lowest 

Lowest 

Fo 

Sr+ 

r 4077 
\ 4215 

l C. cm 

1 1 

It. oj 

5*6. 


k 2 

A c 

Ba 

5535 


0 




Ba+ 

/ 4904 
\ 4554 

1 1 

5*18 

... 

M 

a 3 


16156 volts. The normal state of Si ++ i3 Is 2 2s* 2 p 6 3s*. But in this 
state Si++ can absorb the line 3s* ! S 0 — 3s 3/> 1 P i which is in the Schu¬ 
mann region. 

F. 81 
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The particular group of astrophysical lines X 4552, etc., is due to the 
transition 3s 4s-«-3s 4p. Hence we must add an amount of energy which 
can raise the electron in Bi++ from the 3s 2 -stage to the 3s4s stage. 
According to A, Fowler,* this energy is equivalent to 18 9 volts. Hence 
the excitation potential of the line is 8 12+16*264-18 9=43 3 volts. Lines 
like X 4227, which are the resonance lines of normal atoms, require no 
preliminary excitation. Their I.P. is put equal to zero. 

In the fifth column, the particular stellar class at which a line just 
appears is given. The principal lines of normal atoms appear in stars 
with the lowest temperature, hut the subordinate lines or enhanced lines 
appear only at a certain higher stage depending upon the excitation 
required. The temperature of this stage is generally higher, the higher 
the excitation potential, «.</., compare He X 4471 for which the I. P. is 
20*86 volts, and which appears at a stellar surface having the temperature 
10000°K. In the sixth column the stage at which the intensity of the line 
is maximum is given. The maximum is generally fiat. The maximum 
enables as to calculate the electron pressure as first pointed out by Fowler 
and Milne {vide, p. 614). 

The seventh column gives us the stage at w 7 hich the line disappears. 
If it is a principal line like the Ca //-line, the disappearance means that the 
element is about 99/ ionised. If the line belongs to a subordinate series, 
the percentage ionisation may not be so complete. The temperatures 
under each class, and the electron pressures are calculated from the appli¬ 
cation of the ionisation theory. 

The table as well as Fig. 27 show that the lines of an element 
just appear at a certain stage, rise to a maximum and disappear at 
the other end. Thus the helium line X4471 just appears at the 
Ao-class, rises to a maximum intensity at the H 0 -class (indicated 
by maximum thickness of the line representing lie X 4471 in 
Fig. 27) and disappears at the 0 5 -class. Or take particularly the 
case of silicon. We find that it is present in three successive stages 
of ionisation, which succeed and partly overlap each other in the 
stellar range. 

The explanation of these facts is at once suggested by the 
ionisation theory. Thus the disappearance of the silicon line X 3905 
at A 2 denotes that Si is completely ionised at this temperature. The 
appearance of the Si + line X4131 at the F-stage indicates that 
silicon is considerably ionised at this stage, and further excited to 
the level of 3d in which it can absorb the line X 4131. 


* A Fowler, Phil nans., 225, 1, 1926. 
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For the sake of numerical illustration, we take the 0 -line of Ca. 
This has maximum intensity in stars with the lowest temperature 
and disappears at A 0 . The presence of maximum at the lowest 
temperature is easily understood, for the 0 -line is a principal line 
and can be absorbed by Ca-atoms in their normal state. The 
concentration of normal calcium atoms is maximum at the lowest 
temperature, since at higher temperatures, their proportion is 
diminished by excitation to higher levels and by ionisation. The 
disappearance at the B 9 -stage is due to complete ionisation of 
calcium. A glance at Table 7 shows that if we calculate 
according to the simple ionisation formula, the ionisation of 
calcium becomes complete at T — 13000°K, p = 1 atmos., or at 
T = 9000, p = 10“ 2 atmos. We cannot find out the exact temper¬ 
ature of the A-class unless we make some assumption regarding 
the value of the pressure on stellar atmospheres. In the early 
investigations, pressure was assumed to vary from 1 atmos. to 10“ 2 
atmos. In this way, the following results were compiled :— 

Appearance of K (k 8933) M Ionisation of Ca begins at 4000°K 
Disappearance of g (k 4227) B 8 Ca completely ionised at 13000° 

Appearance of Mg+ (k 4481) G 0 Mg considerably „ „ 7000° 

Disappearance of K (X 3933) 0 9 Ca+ completely „ „ 20000° 

Disappearance of Mg+ (X 4481) O 7 Mg+ completely „ „ 23000° 

The method is however uncertain owing to a number of 
reasons. First of all, the pressure is chosen arbitrarily. Secondly 
only a qualitative account is taken of the fact that the different 
lines require different amounts of material for their production. A 
well-known example is that of sodium D-lines. It is found that 
the smallest amount of sodium (I0 “ 7 gtn/ciiF) in aflame will bring 
out the principal lines very strongly, while much larger amounts 
are required to bring out the subordinate lines in the same region. 
Thus the formula cannot be applied for any quantitative purpose 
unless the amount of matter required for the marginal appearance 
of a line be known. 

Electron Pressure from maximum intensity of 

SUBORDINATE SERIES LINES AND ENHANCED LINES. 

(Fowler and Milne) 

A very elegant method for determining the electron pressure 
was discovered by Fowler and Milne. They observed that there is 
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a remarkable difference in the variation of int ensityof the prin¬ 
cipal lines of neutral elements and of their subordinate lines in the 
stellar sequence. The principal lines of neutral elements are most 
intense at the lowest temperatures and gradually die out with 
increase of temperature (vide the behaviour of Ca g in Pig. 27). 
But the subordinate line or lines of an ionised element appear at 
a stage depending on its excitation potential ; they are at first very 
faint, gradually rise to a maximum at some intermediate stage and 
then again fall off to zero intensity as shown in the following 
figures. 



I’lg. 28. Variation of intensity of lines of subordinate series and enhanced 
lines of elements with temperature. The abscissae, represent temperatures, the 
ordinates concentrations of excited atoms. 


Fowler and Milne explain the phenomenon in the following 
way: At the lowest temperature all atoms are in the normal state, 
there are none in the higher states. With increase of temperature, 
the higher states begin to come out. When the temperature still 
further rises, the atoms begin to get ionised, and the proportion of 
atoms in the excited states begins to fall off. A maximum must 
have been reached in the interval. 

When the above ideas are translated into mathematical lan¬ 
guage, and conditions for maximum concentration of excited levels 
applied, we get a relation connecting the electron pressure in the 
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reversing layer, and the temperature at which maximum intensity 
is reached. From eqn. (28), wo have 


x 

1 -x 


= <r x/kT y-5 _ 21. 


p e = e 


m ’ 


where, b~~g r o' 


Applying the condition for maxima, we get 


P- 


Xr+WT ■ x/k Tr r l »j]>(T ). 

x-xr' y <2/ wr 


x 

i~x 


x, - $zt 

X-X, 


.(31) 


As an example of the application of Fowler and Milne's for¬ 
mula, we take the case of the zinc triplet X 4810, 4722, 4080 

(ride Fig. 28). They attain the maximum intensity at the G 0 -stage 
where the temperature may be supposed to lie between 5000° and 
7000° ; we have in this case V 0 — 9*34 volts, V r 5*33 volts, 
ll(T) = 2, b(T) = 1. Substituting proper values in (31) we obtain 

for T « 5000°, p, =■• 1*38 X 10 ” 0 atmos., x = *01 

6000°, - 8*0 X 10 - 5 „ - *02 

7000", = 1*0 X 10 - 3 „ == *03 

where x is the fraction ionised. 

These pressures are very much smaller than the pressure of 
one to 10 “ 2 atmospheres formerly chosen. To obtain consistent 
values of T and for stars of different types, all available data 
should be discussed and sifted. This has been done by Fowler 
and Milne, by Cecelia IT Payne and Pannekock, and the reader 
may be referred to the original papers.* The final results do not 
appear to be concordant. 


310. The Fraunhofer Spectrum of the Sun .—As the sun 

is so much nearer to us than the other stars, its spectrum*can be 
studied in much greater detail and is suitable for a more extensive 
application of the ionisation formula. The spectrum of the Sun 
was studied in a monumental work by H. A. Rowland about 40 years 
ago. This lias been revised in recent years by a committee of the 
Mount Wilson Solar Observatory. The revised catalogue*!" con¬ 
tains 20,027 Fraunhofer lines with wavelengths given up to the 


* For details of this calculation, see Fowler and Milne, Month. Not. 
Roy. Astr. Soc 83, 401, 1923; 84, 499, 1924 ; Pannekock,//. d. As/ro- 
physik, III/l, 323; R. H. Fowler, Statistical Mechanics , Chap. XV; also 
H. N. Russell and J. Q. Stewart, Astro. Journ ., 59, 197, 1914 

Revision of Rowland’s Preliminary Table of Solar Wavelengths 
(with an extension to the present limit of infra red), by C. E. St. John, 
D. E. Moore, L. M. Ware, E. F. Adams, and H, D. Babcock, published 
by the Carnegie Institution of Washington, 1928. 



§310] THE FRAUNHOFER SPECTRUM OF THE SUN 647 


third place of decimal in the Rowland region (X 2725 to X 7314) and 
of 1,808 lines in the infra red (X 7333 to X 10195). Of these lines 
12,502 or about 59 per cent have been accounted for, i.e ., either 
identified with known lines of elements or of compounds or as telluric 
lines (lines due to absorption of sunlight in the atmosphere of the 
earth). In this way about 57 terrestrial elements have been found 
in the sun. 

According to the theory of evolution, the earth was originally 
a tiny fragment of the sun, hence the sun (and probably the other 
stars as well) should be composed of the very same elements which 
have been found on the earth. The crust of the earth is composed 
of 92 elements. The occurrence of the elements in the sun is shown 
in the following Table. 


Table 8.—Elements in the Sim * 


I 

11 

ii r 

IV 

V 

VI 

VII 

VIII 

1H 







2He 

(3Li) 

4 Be 

5B 

(>C 

7ftv 

80 

<9F) 

(10Ne) 

11 Na 

12Mg 

13A1 

148i 

<iA 

108 

(17011 

(ISA) 

19K 

20Cii 

218c 

22Ti 

23V j| 

24 Pr 

25Mn 

26Fe 27Co 28Ni 

290u 

30Zn 

310a 

320e 

(33 As) 

(34 Sc) 

(33Br) 

(36Kr) 

(37 Kb) 

38Sr 

39 Yt 

40Zr 

410b? 

42 Mo 

(43Ma> 

44Ru 45Rh 46Pd 

47Ag 

480d 

491 n 

508n ?! 

518b 

(52Te) 

(531) 

(54Xe) 

(55Cs) 

5(>Ba 

57 Lai* 

72H£ 

(73Ta) 

74W 

(75 Be) 

(760s) (77Ir) 78Pt 

79 A u 

(8011 g) 

81T1 ? 

82Pb 

(83 Bi) 

(84 Po; 

85 

(86Rn) 

87- 

(88Ra) 

(89Ac) 

(90Th) 

(91Pa) 

)92U) 

i 



t Rare Earths 


58 Oe 

59 Pr 

60 Nd 

161 ID 

62 Sa 

63 Eu 

64 Od 

(65 Tb) 

66 Dy 

(67 Ho) 

68 Er? 

(69 Tu) 

70 Yb ? ! 

(71 Lu) 


( ) denotes absence ; ? presence doubtful. Of the other elements 
shown as present He occurs only in the chromospheric spectrum. 
The most notable absentees are s 


* Taken from a paper by Ch. St John, Mount Wilson Contributions , 
No. 385. 
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(1) The halogens, (2) The inert gases, (3) Elements of the 
fifth group excepting nitrogen, (4) The radioactive elements. 

The explanation of these facts is very interesting, but can be 
touched here only in outline. Taking the alkali elements we find 
that the Na-lines Dj and D 2 are very strong, the resonance lines of 
K (X 7699, 7665) are very feeble, while Li (X 6708), Rb (X 7947 and 
7800), Cs (X 8943, 8521) lines are found to be entirely absent. The 
absence of Rb and Cs and the extreme feebleness of K are com¬ 
pletely explained as being due to the almost complete ionisation 
of these elements in the sun as their I.P.’s have very low values. 
These are shown in Table 9. 


Table .9.— Percentage ‘ionisation of elements of groups I and II 
in the Sun and spots. 


2 

§ 

§ 

I. P. 

Percentage 
of neutral 
atoms 

S> 

.£ 

*< 

Inten¬ 

sity 

Alkaline Earth 

I. P. 

Percentage 
of neutral 
atoms 

s 

a 

*< 

Inten¬ 

sity 

◄ 


4000" 

6000' 

o> 

a 

ung 

a 

w 


4000° 

txxxr 

<v 

a 

a 

Sun 

Spot 

Li 

5*37 

90*3 

15 

6708 

0 

5 

B 

9*5 

100 

96'9 




Na 

511 

81*5 

9*6 

5896 

5890 

20 

30 

60 

90 

Mg 

7*6 

997 

80*8 

5184 

30 

30 

K 

4*32 

:»-9 

2*2 

11 
L"*- £>• 

5 

6 

12 

15 

Ca 

61 

97*4 

53*8 

4227 

20 

40 

Rb 

416 

21-9 

1*7 

7948 

7800 

ab. 

0 

1 

Sn 

5*67 

951 

14-0 

4607 

1 

4 

Cs 

3*81 

9-3 

*9 

8943 

8521 

ab. 

ab. 

Ba 

5*18 

70 

11 

5535 

ab. 

ab. 


The percentage ionisation of the elements has been calculated 
from equation (15) on the supposition that p» *=* 10" * atmos. and 
neglecting weight factors and presence of metastable states as 
mentioned on pp. 634 and 635. The tables do not explain why Na 
and Ca, K and Sr, Rb and Ba, in spite of their great difference in 
I.P. (about 1 volt in each case) are almost equally ionised in the sun. 
This is explained on the next page. 

The principal lines of the ionised elements Rb + , Cs + are in the 
Millikan region, hence they cannot be traced in the Fraunhofer 
spectrum. But if any part of the solar surface undergoes a local 
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cooling, Rb and Cs may partly return to the neutral state. This is 
exactly what happens in the spots, for A. Fowler had proved that 
the spectra of spots is similar to that of K-type of stars and hence 
the temperature in them cannot far exceed 4000°C. 

It was predicted from such arguments as above that Rb and Cs 
may occur in the spot in the neutral state. The verification of this 
prediction by Prof. II. N. Russell, who discovered the infra red 
pair of Rb A, 7911, 7800 (resonance lines) in some spot spectra taken 
by Dr. Brackett of Mount Wilson Observatory, constitutes one of the 
earliest triumphs of the ionisation theory The intensities of the 
lines of neutral K and Na are increased in the spot spectra as shown 
in Table 9 in accordance with the predictions of the ionisation theory. 

For more detailed comparison between the spot spectrum and 
the Fraunhofer spectrum see a paper by H. N. Russell in the 
Astrophysiml Journal , 55 , 119, 1922. 

Some Apparent Difficulties jn the Ionisation Theory. 

We shall now explain the apparently higher ionisation of the 
alkaline earths in the sun. A glance at Table 9 shows that 
while Na and Ba have almost identical i. TVs, 5*12 volts and 
5‘18 volts, respectively, still, while the arc lines of Na are very 
strong in the Fraunhofer spectrum, the resonance line of Ba A. 5534 
is found to be entirely absent. Thus Ba seems to be completely 
ionised in the sun. A partial explanation of this fact has already 
been given in §307, where it was shown that owing to the extra 
term in the ionisation formula containing the weight factors, the 
effective I. P. of Ba is reduced by about ‘74 volts on the sun and 
this becomes 4‘38 volts, /.*?., has almost the same value as that of 
K. A complete explanation is afforded by (28) which takes into 
account the metastable states. Owing to the existence of a 
metastable 3tMevel of Ba + which difers little in energy from the 
lowest 4s-level, the I. P. is reduced by about (RT In 8)/23000 volts 
instead of by (RT In 4)/23000 volts, i.e., by about 1‘08 volts. The 
effective I. P. becomes 4'10 volts, almost the same as that of Rb. 
Hence Ba is found to be completely ionised in the sun. 

The calculation is as follows:—From a comparison of formulae (13) 
and $8) we find that the extra terms in the ionisation of barium over 
that of sodium are log24-log6'(T)-log6(T). Now b (T) is very nearly 
unity, as the fundamental state of Ba is 6s 2 l S 0 , and the next states are 
F. 82 
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6 s hd 3 D, X D and Qs 6;; 3 P, J P. These are so much removed from the 
fundamental state in energy value that they do not sensibly contribute to 
the value of b(T). As a matter of fact, exact calculation shows that 
b (T)=l*25. 

But such is not the case with ionised barium. The funda¬ 
mental state is 6s 2 Sj. ; but the two next metastable states 2 Da t r 
are very close to it (Av = 4875 and 5675) (vide Paschen and Gotze, 
Seriengefictxe der Linien-spaktrcn , p. 97). The weight factors for 
D» and I)§ are 4 and 6 respectively, and an exact calculation shows 
that at 7—6000 ', b\T) is very nearly 5. Hence the extra term in 
barium is log 2 + log 5 — log 1*25 — log 8 as mentioned already. 

Broadly speaking, the abnormal ionisation of barium is to 
be ascribed to the fact that though it can exist in its normal state 
in only one way, nix., 6-s 2 X S 0 , it can be ionised to a large number of 
possible states of closely lying energy values, nix., to (is* 2 Si and 
5 d 2 D^ t £ the latter with large weight factors. Thus the barium ano¬ 
maly is no longer an outstanding difficulty (vide Pannekock, loc. nit, 
pp. 306—309, where this explanation seems to have been missed). 

As regards other missing elements, we sometimes come across 
difficulties of a nature peculiar to each element. Take, for example, 
the element oxygen. This is the most plentiful element in the crust of 
earth, and it was naturally expected that it would show very promi¬ 
nently in the Sun. But for a long time, no trace of any line of oxygen 
could be found in the Fraunhofer spectrum. It was only in 1914, 
forty-five years after KirchhofPs discovery, that Runge observed a 
triplet in the extreme red which he proved to be identical with 
an oxygen triplet. But why did this triplet of oxygen occur so 
faintly in the Fraunhofer spectrum ? The answer is provided from 
an analysis of the spectrum of oxygen. Hopfield* has shown that 
the principal lines of oxygen, vix., 2p 4 3 P — 2p 3 3s 6 S are in 
the Schumann region, and hence they are entirely cut off. The 
lines of oxygen which can be used for identification belong to 
minor combinations, viz., to 2p 3 3s 6 S — 2p*3p 5 P and require very 
high stimulus, about 10 volts, for their production. Hence the 
prospect of getting O-lines in the Sun is very small, though the 
element may be more plentiful than calcium, the lines of which are 
so prominent in the Sun. 


* Hopfield, Astr. Journ., 59, 114, 1924. 
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In fact the ionisation theory coupled with a knowledge of the 
constitution of the spectra of elements leads us to a complete 
justification of the saying of Rowland— “ If the earth were suddenly 
heated to the temperature of the Sun, its spectrum would probably 
be the same as that of the Sun.” 

Spectra of Faculae .—Just as spots are regions of local cooling 
the faculae arc regions where the temperature has been increased 
over that of the general photosphere. Hence it was predicted that 
the spectrum of the faculae would be similar to that of F-class of 
stars. This prediction was verified by Dr. St. John of the 
Mount Wilson Solar Observatory who took simultaneous photographs 
of the spectra of the Sun and the faculae, and found that the lines 
of Ti + were considerably enhanced in the faculae. 

311* Influence of Pressure on Ionisation and Spectrum of 
the Solar Chromosphere. —If we refer back to formula (15), we 
find that besides temperature pressure has an appreciable influence 



Fig. iii). Increase of percentage ionisation with decrease of pressure. 

on ionisation. A reduction in pressure is always accompanied by 
an increase in the percentage ionisation. Fig. 29 shows how the 
percentage ionisation of helium and ionised helium increases with 
decreasing pressure. 

The ordinates represent ionisation, the abscissae temperatures. 
Helium has an I. P. of 24*45 volts, hence very high temperatures 
are required to ionise helium completely. Thus at 1 atmos. 
pressure, ionisation reaches 90 % at a temperature of nearly 27000°. 
But if the pressure be diminished to 10 “ 4 atmos., then ionisation 
becomes complete at about 15000° {vide Fig. 29). 

This simple fact provides us with a qualitative explanation of 
the important difference between the Fraunhofer spectrum and 
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the spectrum of the Solar Chromosphere. Lockyer was the first 
to find out that the two are not the exact reversal of each other 
as an application of KirchholFs law would lead us to expect. 
Generally speaking, the enhanced lines (lines due to ionised ele¬ 
ments) are more prominent in the chromospheric spectrum than 
the arc lines. Thus taking calcium, we find that the (/-line due to 
Ca can scarcely be noted in the higher layers of the solar atmos¬ 
phere, while the li and K lines due to Ca + continue to be very 
strong. This is due to the fact that as we rise higher up, the 
pressure diminishes so fast that in spite of the fall in temperature, 
the ionisation rapidly increases, and at greater heights (about 5000 
km.) calcium is completely ionised. In fact the spectrum of the 
upper chromosphere is largely made up of enhanced lines and is 
more like the reversal of the Fraunhofer spectrum of a star with 
the higher temperature of 10000°K and having very much less 
pressure (*?.</., a-Cygni which is a super giant). 

Another noteworthy effect is the appearance of helium line's 
in the chromosphere. Helium is an element with the largest I.P., 
ri i., 25*4 volts, and its radiation potential is also extremely high, 
about 20*5 volts. Hence in stars up to the A-class, it is not even 
stimulated to any higher excited orbits. It is only in 15-stars having 
temperatures ranging from 13000 K to 25000 K that we get lie- 
lines. In the Fraunhofer spectrum of the sun which comes from 
the reversing layer, there is no trace of any helium line. Hut in 
the chromosphere, where the pressure has been reduced hundred 
or about thousand times, the helium lines come out very prominently. 

Fowler and Payne* had actually obtained in 1903 experimental 
evidence to the effect that a reduction of pressure causes increased 
stimulus. They showed that while the Mg-arc in air shows no trace 
of the line A,4481, which is due to Mg + ,the arc in vacuum (under 
reduced pressure) emits this line very strongly (see Fig. 30). 



Fig. SO. Development of the lines of Ionised Mg in the vacuum arc (Fowler and Payne). 

The upper figure is the spectrum of Mg in open arc, the lower in 
vacuum arc. Notice the appearance of X 4481 of Mg+ in the lower. 

* Fowler and Payne, Proe . Rcy. Soc. A., 72, 253, 1904. 
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312. Experimental Verification of the Ionisation 
Theory, —According to the ionisation theory, all atoms at high tem¬ 
peratures would lose electrons. At low temperatures, gases consist 
of uncharged atoms or molecules, hence they do not conduct elec¬ 
tricity at all. But since at high temperatures electrons are given 
off, a considerable amount of electrical conductivity may be expec¬ 
ted in the vapour. 

A large number of experiments was done in the early years of this 
century to find out whether a gas can be made electrically conduct¬ 
ing by heat alone. Mercury was the gas generally used in these 
experiments. But the choice was rather ui»fortunate, as mercury has 
a high 1. P. (about 10*45 volts), and calculation with the aid of (15) 
shows that at least a temperature of OOOO^K is needed to produce 
appreciable ionisation. Such a temperature cannot be realised in 
the laboratory, hence for experimental verification, we must choose 
a substance which possesses very low ionisation potential. We 
have seen that elements belonging to the alkali group have the lowest 

I.P., viz., Cs. ..3*88, ttb_416, K. .. 4*38, Na . . . 5*12 volts, 

and calculation shows that even at 2000°K, they would be consider¬ 
ably ionised. When these elements were tried, * it was found 
that they showed very considerable conductivity at 2000 K approxi¬ 
mately, and in the case of Cs at much lower temperatures. 

The apparatus by means of which these experiments were carried 
out is shown in Pig. 31. 

The apparatus consists of a vacuum graphite furnace, first used by 
A. S. King of the Mount Wilson Solar Observatory, in which the elements 
at a definite pressure are heated to high temperatures. F is a tube made 
of Acheson graphite. It is hold by two tightly fitting iron blocks which 
are carried by two water cooled stout brass tubes 88. The brass tubes 
stand out from a water cooled brass base but are insulated from the latter 
by rubber washers. The whole is enclosed by a cubical cast iron mantle 
provided with two windows of quartz facing the graphite tube, and a side 
tube (not shown in the figure) which is also provided with a quartz window, 
and is used for measurement of temperature with the aid of a Wanner 
pyrometer. The graphite tube is heated to temperatures of 2000Tv—3u00*K. 
by the passage of a current of the order of 1000 amperes from alow tension 
transformer (used for welding) through the leads 8,8. f is a second smaller 
furnace which is heated by a smaller subsidiary current not shown in the 
diagram ; T is a thermocouple passing through a rubber tube at the bottom 


Saha, Sur, and Mazumdar, Zs. f. Phys 40, 648, 1927, 
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of the brass plate. The substance, say No, is placed in f ami heated to 
the desired temperature, which is given by T. From this we can find out 
the saturated vapour pressure. The vapour then passes out into the 



Fljf. HI, Apparatus lor showing rlrrtrirol conductivity oflicatcd vapours. 


furnace F, which has a much higher temperature. Here the vapour is 
ionised. p,p are two Aeheson carbon discs, mounted on molybdenum 
holders which are carried by the iron stands between 8 and N. These 
stands are carefully insulated from the brass discs and connected by means 
of wires passing through the rubber cork to a source of e. m. f. In series 
we have a micro or milliammeter (not shown in the diagram). The whole 
apparatus is highly evacuated. Ordinarily no current passes between p,p. 
Suppose we start with Na in f at a temperature of 500°C. This gives a 
vapour pressure of 3 to 4 mm. of mercury. We keep f always at this 
temperature. The temperature of F is now varied from 1000°K to 2000°K 
in steps. The voltage across p y p is only 1 volt. It' is found that the 
current in the measuring instrument rapidly increases with increase of 
temperature in F. With Hg, Zn, Cd which have I. P.’s varying from 9 
to 10*5 volts, no current measurable with a microammeter was obtained 
even at the highest temperatures. Mg which lias an I. P. of 7 61 volts 
gave only a small current at the highest temperatures. Na and K on the 
other hand gave appreciable currents even at 1000°K, and at the highest 
temperature, «*., 2000°K the conductivity was so great that the current 
could be measured only by a milliammeter. When no vapour was intro¬ 
duced in F, there was absolutely no conductivity even at the highest 
temperature. 

These experiments prove in a qualitative way that vapours consisting 
of atoms can be made electrically conducting by heat alone, and the 
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conductivities increase ns elements with lower ionisation potentials are 
taken. Quantitative experiments are much more difficult to carry out.* 

313. Ionisation in a Mixture of Gases.—It is proved in 
treatise on thermodynamics^ that if a substance like NH 4 CI disso¬ 
ciates into two components, NH ;{ and HC1, arid then one of the 
products of decomposition, say HC1 be added in excess, the degree 
of dissociation of Nil 4 Cl is considerably suppressed. The analogous 
phenomenon in ionisation was discovered by A. S. King, and follows 
from a direct application of RusselPs formula (17), p. (133. Ca was 
taken in a vacuum graphite tube, and heated to 2000 °K. The H and 
K lines indicating the presence of Ca + were obtained in emission. Now 
some Cs was introduced into the furnace, and it was found that the 
IT, K-lines had completely disappeared, or the ionisation of calcium 
has been almost completely suppressed. As caesium has a very low 
I. P., it introduces a very large excess of electrons in the reaction 
space, hence ionisation of Ca is suppressed in accordance with equa¬ 
tion (17). 

A numerical calculation will make the point clear. The ionisation 
formula may he written in the form 



Substituting proper values of constants, we have at 2000°K, for calcium 
n e Ui / n„ = 5 X 10 5 = n e x/(l~x), where x is the fraction of calcium 
atoms ionised ; for caesium, n e m / n a = n e x' /(\ ~x ) = 4’8x 10 10 , 
where x' is the fraction of caesium atoms ionised. 

The actual number of electrons per c.c. will differ according as we 
have pure calcium in the furnace or introduce caesium. If we have at 
first only calcium, and suppose it exerts a pressure of 1 atmos., we obtain 
since pressure is n (l +.x) kT, (n=* number of calcium atoms per c. c. to 
start with), n = 37 x 10 18 . Now a? is given by the relation ?ix 2 /(l—x 2 )~nx 2 
(since a; is small) = 5xl0 5 , from which % = 4xl0" 7 , and the number of 
Ca+ atoms as well as of free electrons per c.c. is equal to 1*5 x 10 12 . Now 
if we introduce caesium, and it also exerts a pressure of 1 atmos., we get 
x f = 1*14X 10“ 4 , n e = 4*2 x 10 u . The number of free electrons is now 
nearly 300 (=4*2x 10 4 /l*5x 10 12 ) times increased. Since n e Hi «= constant, 

* Langmuir and Kingdon (Proc. Roy. Soc. A, 107 , 61, 1925) have 
shown that the thermal ionisation of Cs-vapour can be found from measure¬ 
ments of positive and negative emission from a tungsten filament in a 
vapour of Cs. For further works see Mayer, Ann. d. Phys.. 4, 367, 1930, 

fSee, for example, A Text Book of Ileai by Saha ana Srivastava, p. 45. 
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the proportion of Ca+ atoms will he about 300 times diminished, i.e ., the 
H, K-lines will now disappear. This was actually found to be the case. 

This also explains the phenomenon observed by Paschen that 
if an element under some condition of excitation gives a spectrum 
in which neutral lines and enhanced lines are freely mixed together, 
the enhanced lines can be almost entirely suppressed if some more 
easily excitable element is introduced into the reaction space. 

The method is now extensively used in the Mount Wilson 
Solar Observatory for separating lines due to the successive stages 
of ionisation of an element. For example, let us take the rare 
earths. They have I. P.'s varying from 5 to 6 volts, and in the 
vacuum furnace, even at the lowest temperatures, the arc lines and 
the spark lines appear mixed up. In such cases King introduces 
some Cs-vapour. The ionisation of the rare earths is suppressed 
and we get only the arc lines. 

314. Stark Effect.—Shortly after the discovery of Zeeman 
Effect in 1806 attempts were made by Zeeman himself and others 
to find out whether there exists an analogous electrical effect, that 
is to say, whether spectral lines arc decomi>osed into components 
when the source is placed in a strong electrostatic, field. For a long 
time the electrical analogue of Zeeman effect could not be discovered. 
It was only in 1013 that J. Stark * succeeded in proving that Buhner 
lines emitted by the lT-atom in strong electrostatic fields are split up 
into several components. 

Reviewing the causes of failure of earlier investigators, we find 
that they were due to (i) absence of proper technique, (ii) to the 
choice of elements other than hydrogen for experimentation. A 
strong electrical field must be used, but it is difficult in the ordinary 
discharge tube to seal any subsidiary electrodes between which any 
strong field can be applied because the space is too conducting and 
short circuiting takes place between the electrodes. Stark over¬ 
came these difficulties by utilising his knowledge of the technique 
of the canal-ray tube. In this, discharge takes place between the 
anode and perforated cathode, in a space where the pressure is 
not very low. The positive particles stream through the orifices in 
the cathode and the space is filled with characteristic radiation of 
the gas. Stark used a cathode with fine bores so that a difference 

♦J. Stark, Ann . d. Phys ., 43, 965 783, 1914. 
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of pressure, could be maintained between the positive ray space and 
discharge space. The pressure in the first was about 10“ 2 mm., while 
in the second it was about 10“ 5 mm. (no discharge state). He found 
that under this condition a third electrode can be sealed behind the 
perforated cathode and a high field can be applied between the 
cathode and this electrode. TIis arrangements for viewing the 
emission of light parallel and perpendicular to the direction of the 




Fig. 82. Arrangement for observing (a) Longitudinal and (fc) Transverse Stark effects. 

field is shown in the accompanying diagrams (Fig. 32). The third 
electrode F being within the cathode dark space, no discharge takes 
place between F and C. Positive ions accelerated through C pick 
up an electron on their way in the space between F and C and then 
they revert to the normal state after emitting light in that space. 

Photographs of Stark-effect-splitting of H a , H 7 -lines 

obtained by Mark and Wierl * are reproduced in Fig. 33, Plate X. 
The results obtained by Stark and others for Hydrogen can be 
summarised as follows :— 

(1) Every Balmer line is decomposed into a number of compo¬ 
nents and this number increases with the series number of the line. 

(2) When viewed in a transverse direction, the lines are found 
to be polarised, some parallel to the direction of the field (jt-compo- 
nents), some perpendicular (o-components). 


* Mark and Wierl, Zs\ f. Phys, 53 , 526, 1929; 55 , 156, 1929; 57 , 
494, 1929. 

F. 83 
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(3) When observation is in a direction parallel to the field, the 
^-components are invisible and the a-components are found to be 
un-polarised. 

(4) Generally the strong jt-components lie outside and strong 
a-components lie inside. 

(5) In the case of hydrogen the splitting and polarisation is 
generally symmetrical about the origiual line, but for lines of other 
elements they are generally un-symmetrical. 

(6) The distances of the components of hydrogen lines from 
the centre measured in frequency units are integral multiples of a 
certain unit which is proportional to the field strength and is the 
same for all lines of the Baltner series. 

A little after the announcement of his discovery by Stark, Lo 
Surdo * found that the same effect can be observed in the faint light 
emitted in the cathode dark space. A glance at Fig. 3, p. 45, shows 
that in the region of cathodic glow, the potential changes very rapid¬ 
ly. The electrical field is therefore very great. Lo Surdo found 
that if the pressure be so chosen that the length of the cathode dark 
space is between 1 and 10 mm. and if the potential difference and 
current are sufficiently large, the light emitted shows Stark splitting. 
In this method only transverse observation can be made and as the 
fall of potential is not uniform throughout the space, the separation 
is not the same at all points. The spectrophotograph of Ha-line 
taken by Fosterf using a modified Lo-Surdo tube is reproduced in 
Fig. 34, Plate X. 

315. Theories of Stark Effect.—Unlike Zeeman Effect, 
Stark Effect cannot be explained by classical theories. Shortly after 
Stark's discovery SchwarzschildJ and Epstein§ showed almost 
simultaneously that all the observational results could be almost 
completely explained from Sommerfeld's orbital theory. This was 
naturally regarded as a great triumph for the Quantum Theory. 
An account of this theory is given below. But a very rough 
and preliminary calculation may be given which enables us 
to make a rough guess about the magnitude of the effect to be 
expected. 

*Lo Surdo, Pkys. Zeits ., 15, 122, 1924; Lincei Rend, 23, 117, 1914; 
N. am., 7,335, 1917*. 

f Foster, Prop. Roy . Soc. A 123, 108, 1929. 

t Schwarzschild, Ber. d. Prmss. Akad 548, 1916. 

§ Epstein, Ann. d. Phys 50, 489, 1916. 
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Fig. 34. Lo Surdo photograph 
of Stark effect for Ha (Foster). 



Fig. 42.—Stark effect for lie 
line 2 , / > - 4'7> (Foster). 
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We have seen that the negative energy of the electron moving under 
a central charge Ze is given by -e 2 Z/2a, where a is the radius of the orbit. 
This may be put as 

E = — { ea eZ/a 2 = - \ caF, where F = eZ/a 2 

is the radial field in which the electron moves. We may suppose that 
when an external field F z is introduced, the change in energy is 

A E = - { a ea F z , or A v « - \ a/h . ea F g 


where a is a numerical constant to be determined. 

Now we have a = h 2 n 2 j 4ji 2 c 2 mZ. Henc^ we have 


Av = 


8jc HmZ 


F z . n 2 . 


We shall see presently that the actual expression is very similar in 
appearance to the above. The natural field strength due to the nucleus 
at a distance a is given by (a=a 0 n 2 ’ a Q = radius of the normal H-atom). 


F 


cZ 477X10- 10 
a 2 “ Z *(*hH8xlO-«)2" 


" 4 - = ~ 5'13 X 10 9 volts/cm. 


n 


The highest field used in the laboratory is of the order 10 5 volts/cm. 
So Av due to the field is of the order 10” 3 times the v of the line. The 
Stark Effect splitting under a field 10 J> volts/cm. is of the order of 10 cm" 1 , 
hence it is of a larger order of dimension than the Zeeman splitting 
obtained with the usual fields. 


The earlier theoretical investigations of Stark Effect on Quan¬ 
tum Theory as carried out by Epstein were on SommerfekTs lines*. 
We have seen that the success of this method depends upon the 
proper choice of the coordinate system which can lead to separation 
of variables. Epstein showed that this can be done by the use 
of parabolic coordinates. But though the results obtained are 
found to explain the observations correctly, the physical points 
are not so clearly brought out. For this, we may turn to the 
alternative method of Bohr who uses the method of perturbations. 
We give short accounts of both theories. 

A. Method of Epstein. 

Let the nucleus be the origin of coordinates arid let the direc¬ 
tion of the field be chosen to represent the z-axis. Then with 
reference to this axis and a plane of reference passing through the 

* Simultaneously with Epstein, Schwarzsclnld deduced the same result 
by the use of angle variables (.Berl Sitxungsberichte , 1016). 
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axis a point P may be denoted by cylindrical coordinates, x , p, </> 
such that 

r 2 = * 2 + p 2 , ds % - dx % + dp 2 + p W . . . (32) 

Let us now take any (^p)-plane, and replace % and p by the 
parabolic coordinates 5 and q. This can be done by putting 

s + w = Wq) 2 .(33) 

Equating real and imaginary parts of equation (33), we get 


x i(S~q), P - x/iq 


(34) 


Expressing p in 
terms of | alone and 
q alone we get 
p 2 =-2i(s~£/2) . (35) 
P 2 = 2q (z -f q/2) . 36) 
Equation (35) re¬ 
presents a set of 
parabolas with their 
axis along the negative 
z-direction and latus 
rectum=25 and equa¬ 
tion (36) indicates a set of parabolas with their axis along the positive 
z and latus rectum=2 q. The focus is common. It is thus clear that 
(5, q) define two symmetrically situated points in (z p)-plane. Thus a 
system of values 5, q, $ may be used to represent all points in space. 

The potential energy of the electron moving under a central 
Coulombian force and in a space which is traversed by a constant 
electrical field F along the z-axis is given by 

2e 2 





pot 


+ Fex 


(37) 


Ek\n-im[* 2 + P f +pV]. (38) 

Hence the total energy W is given by 

W=* \m u* + p* + p**'*] - —+ Fex 

r 

Expressing W in terms of i and rj we get 
TT—fm li*(l+r|/|)+T) J (l+i/Ti)+4iTj^*] — |—^ + J eF(Z~r\) (39) 
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We have now 

a T 


P !~ ¥~T U + 

Substituting the values of p% t p v and we can give to 
equation (39) the Hamiltonian form: 

w- JL f 4 . 4 V , P+ 1 2 e*Z , , vli . 

W 2 m L (1+rj/i) + (1+i/n) + It, | (|“+ r,) + (? n) 

" a»Tl+i [ 41 + ^ V + (l +i) p , 


<t> 

-ie’uiZ + mem* ~ t , 2 )] . 

We have to use now, Sommerfeld’s quantum conditions: 


(40) 


(j) P| di=» »ih \ (j) p^ di\=?ith ; (^) p i)> d<l>='kh . . (41) 

Since Undoes not contain ( A explicitly, it is a cyclic coordinate, so that 

»*-£ .‘ 42 > 

Hence equation (40) becomes 

meF ^ 2 — T ] 2 j j . . . 

Now the variables can be separated. We have 

4? - 2m? W - 2 me 2 Z + rneF\ 2 + = - 4q p^ 2 

+ 2 mr\W + 2 me 2 Z + meFr\ 2 — ^ 


Vh 2 4 2 „ , 

.—o “ 4 e 2 in Z + 
4jT 

.(40') 


4rt 


1 W 

4jt 

constant = 2a . (43) 


So that 


and 


p^ 2 = Ai + 2 ^ 

p f * - + 2 ^ + |f + D,l 


1 l\*h}\ 

where A — A, =4j =1 mlF| C—= Cj = — j 

=Ume*Z+ a), 13,-1 (me'Z- o)J 


(44) 


(45) 
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The first and second quantum conditions given in equation (41) 
take the general form 

(j) A + 2 B\\ + civ + DS . d\ - nh . . . (46) 

The above elliptical integral yields (see Sommerfeld Atombau, 
4th ed., p. 779). 

„ , (B D (3B 3 „\\ 


- 2n» | ($ ~ 


ff - «)} 


(c - H) + u (c- 3 J r)■ ■ ■ <«> 

Since the term in T) is small, we can neglect it to find the value of 
B 2 /A to the first approximation. The equation (47) then reduces to 

»-*(«- f) + |j (*£ +-SS0* -*>) • • (48) 

Substituting now the values of B and D from equation (45) and 
adding the two equations thus obtained, we get 

me * Z = A* U*- (wi + ” a) -1 1 i5S? Ti *)*! 

L n J 44 [8 n 3 


■ A (^a -?ii)ihC$ 
2 n 


ii )ihC^ 1 

re J 


, To the first approximation the correction term involving F 
may be neglected, so that 

. m 3 e i Z 3 n 3 

h\nx+n i +l)'*' 

From this, it is clear that »i + + X = w, the total quantum number. 

Substituting the value of A in the second expression on the 
right hand side of equation (49), we get > 

4 1 nr AVg 3 h 3 E . , 


Hence TP = 


2n 3 m e t, Zi i 3h 3 F , x 
A*n* 8n 3 meZ ‘ (n * Wl) * 


• (50) 


There are many points in the above treatment which have not 
received adequate explanations such are, for example, the shape of 
the orbits and the limits of integration, etc. For these, the original 
papers may be consulted. We see that the original elliptic orbit 
jmay be inclined at any angle to the axis of the external field as 
shown |n Fig 40. Hence V **• k sin p, wherfjffr is the asimuthal 
. ^tiu^iim hwmber and p is the angle befrnreerirfa axis e* the field 
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and the orbit It is thus clear that X can have all values from k, 
.— k. If we use wave mechanics it can have all 


and the orbit It is thus clear that X can have all values from k, 
.— k. If we use wave mechanics it can have all 



Fig. 86* The traitsltion diagram showing the origin of St&rk-effect components for HO. 


values from 1,1- 1,.to-/. X is therefore the compo¬ 

nent of the /-quantum number resolved along the electric axis. 
Since the total quantum number ra=»«i +n» +X, we find that n t and 
n% should always be less than n- 1. An application of .the Corres¬ 
pondence Principle shows that there would be a selection principle 
given by AX =■ ± 1, 0. Thus though X does not appear in IT in 
equation (60) it controls the transitions and therefore limits the 
number of components and determines their polarisation. AX = 0 
gives ns spectra| lines linearly polarised parallel to the field. 
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AX ** ± 1 gives two lines circularly polarised in the plane normal 
to the field. The origin of the components calculated according to 
formula (50), and the selection principle just discussed is shown 
in the accompanying diagram (Fig. 36). 

Explanation of t)ie Diagram .—From formula (50) we see that every 
level n is decomposed into sub-levels given by all possible values of 
n 2 —n 1 which may be called the Stark Effect quantum number . The 
values of n 2 are given in the second column. Thus for 3 the w 2 -values 
are 2,1, 0. The values of nj for each of the different values of n 2 are 2, 1, 
0. The possible values of n 2 — n x are shown in the fourth column ; for 
any value of w—1, they range from w —1 to—(w — 1). It is seen that any 
sub-level given by a particular value of n 2 — n\ may arise from different 
combinations of n\ and n 2 . Thus s=2 arises only in one way, in 

two ways, s—0 in three ways and so forth as indicated in the diagram by 
the dotted lines. The fifth column gives the separations in terms of the 
unit 3Fh/Qic*me. The figures under X on the right hand side show the 
values of X calculated from the formula 'k=n—(n i +w 2 +1). It is seen that 
if a particular sublevel arises in a number of ways, there are an equal 
number of values of X, and corresponding to any positive value of X, there is 
always a negative value. The transitions for Jt and o-components and the 
separations are shown by the vertical strokes. We find that for every 



Fig. >7. lllcropbotogr.m of Stub effect component* of H#. 


AX there is a transition for which A X«—m. Hence when the 
effect is observed longitudinally we get two sets of oppositely polarised waves 
Of the same frequency emitted by a large number of excited atoms, so the 
resulting radiation appears to be unpolcvrised. This is in contradistinction 
to the case of Zeeman Effect where the frequencies of the right handed 
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and left handed components are different and therefore they can be 
distinguished from each other. A microphotograph of the Ha line taken 
under a field of 250 kv/cm. by Mark and Wierl is shown in Fig. 37. 

As far as the Balmer lines are cencerned the experimental 
results were found to be in complete accord with the theory. This is 
shown in Fig. 38 where the calculated and observed intensities 
of the components are given. But in the above calculation the re¬ 
lativity effect as well as the spin-interaction energy have been neglect¬ 
ed. This is justified because the field used is so great, that the Stark 
separations are many times larger than the fine-structure separations. 

Thus the natural distance between the red and violet components 
of Ha is *365 cm*’ 1 , while the unit of separation for Stark effect under 
a field of 10 6 volt/cm is 2*82 cm -1 . The extreme separation for 
the components of Ha may be 16 X 2*82—44*8 cm"*. The Stark 
effect separations are less than natural separation, only for fields 
of strength 1000 volts/cm or less, but under such low fields the 
splitting follows more complicated laws (§316). 

B. Bohr's Method 

We now propose to give an alternative treatment of Stark effect 
due to Bohr which brings out the physical picture of the process 
more vividly. Bohr showed that the first-order Stark effect energy 
may be considered as the energy of a permanent electric dipole in 
the electric field. Our electrical system in the case of the hydrogen 
atom consists of a nucleus and the electron. It is clear that as long 
as the electron revolves in a circle the field energy (the energy 

of the system on account of its being 
placed in a uniform field) of the system 
(electron and proton) will vanish, but 
this is no longer the case when the 
orbit is an ellipse. In this case it 
can be shown that the field energy 
is A W = £ ateF sin p, where a and e 
are respectively the major axis and 
eccentricity of the orbit and P is the 
angle between the axis of the field and 
the axis of the orbit. This can be 
proved as follows: 

Let O be the nucleus and OZ be the direction in which 
the electric field F is applied* With © as centre draw w a 
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unit sphere. Let QPA be the section in which the plane of the 
orbit cuts the unit sphere. The polar coordinates r and 0 of the 
electron in its orbit and the angles X, p and a are as shown in Fig. 39. 
Let OP be the line joining the nucleus and the electron whose 
coordinates at any instant are (.r e , y ei x e ). 

The potential energy of the system when the electron is on the 
line OQ, is given by 

ip = Fe x e = Fe r cos X 
From the spherical AZQP, we have 

cos X = cos 0. cos p + sin 0. sin p cos a 
Therefore = Fe r [cos 0. cosP + sin 0. sinP cosa] 

= Fe [| cos P + r] sin p cos a] 


Average potential energy of the system is 

y]f = Fe 11 cos p + rj sin P cos a] .(51) 

where 5 — ~7£ J l dt, ^ = y j r\ dt .(52) 

V 0 

The point (1, r|) in the plane of the orbit is called the electrical 
centre . According to the geometry of the 

ellipse if u = -^PCN = eccentric anomaly, 
and mean anomaly «= m = 2jt t/ T we have 
the following relations from Fig. 40. 

I * r cos# = DO 

CD - CO = a (cos u - e), 
r] = r sin0 ==QD= b sin ?/, 

m — 6 nt = u — s sin ?/. Fig. 40 

where n = 2 jt/ 7 7 , T being the period. 



Hence 1 


--Lf 2 


T 

a (cos u — e) (1 - 8 cos if) du = - 


o 


3 a 6 

2 


1 [ 2v 

T)= b sin u (1 - e cos v) du = 0 
o 

That rf = 0 is otherwise evident from symmetry. Thus the electric 
centre is a point on the major axis midway between the centre and the 
empty focus. Hence the average energy due to the field is given by 

^ ■= £ eF cos p — - 1 ate F cos P.(53) 

In Bohr's perturbation theory, it is shown that the average 
potential energy of a system subject to any periodic secular 
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perturbation does not vary with time (See Birturistle, Quantum 
Theory , § 133, from which this treatment is adopted). Therefore we get 

- f as cos p = = const.(54) 

The above equation shows that the projection of the electric centre 
on the OZ-axis is a fixed point, so that the electric centre would 
move in a plane x === f ae cos P normal to the direction of F. 
Although tp = const., i.e., e cosp is constant, the values of s and p 
are not constant. To obtain the final solution, we proceed in the 
following manner: 

We shall find out the frequency of the motion of the electric 
centre due to the perturbing electric force F and also the geometrical 
shape of its orbit which will lead us to the solution of the problem. 

Let the coordinates of the electric centre be ( x, y , %). Then 

(t)'"®* + y*+x t .(55) 

The angular momentum of the electron mr 2 0 = mA 

It has been shown on p. 150 that A 
where p is the force per unit mass and / = latus rectum (1 -e 2 ). 


A 2 

Hence the angular momentum = rn ~ a (1 -e 2 ) . . . . (56) 

If X, p, v are the components of the angular momentum 

X 2 + \i 2 +v 2 = e 2 ma ( 1-e 2 ) .(57) 

Substituting the value of e 2 from (57) in (55) we get 


* 2 + y * + * 2 = ~ jl- --+ >1 * + -}. . 

4 | e ma J 


(58) 


Since the resultant angular momentum is perpendicular to the 
plane of the orbit, we get 

*X + i/p + *v —0.(59) 


[r. mv] = [r. P] 

- eFx„ ; v =* 0. 


Now, we have fX, p, v ] - ^ 

Therefore, X =* eFy g ; p = 

Now let the average values of the differentials of the compo¬ 
nents of angular momentum be denoted by X', p', v' so that we have 

X' — eFy g = eFy and p' = - eftc e « -eFx. . , . (60) 

Differentiating (59) and averaging over X and p we get 
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hs + \iy= ~(xX' + 0.(590 

Differentiating (58) and substituting the value of A/, y! from (60) 

• • Q/r P 

XX + yy = - {hj-\uc) .(61) 

Equations (59') and (61) yield 
9 aF 


Therefore, 


X ~ - n, an( j —- - A. 

4we 4/we 

9aF' , , *• §aF 

x = -— n an <l 2/ = - — l; 

Ante ime 


(62) 


Solving the differential equations (62) we get 

x = A cos (2jt a)/.’ / + a), y = B cos (2 jio)*£ + (3) . . (63) 

, « 9 jP 2 

where (o F — 1£ . 

* lb Jt /w 

According to equation (5), 

p. 324, a = n 2 h 2 /4n 2 e 2 m 

8F. nh 


Hence 


(Of = 


8k 2 me 



It is clear from equation 
(63) that the path of the electric 
centre E is an ellipse with 
its centre on the z-axis as 
shown in Fig. 41. The period 
of the secular change intro¬ 
duced by the field F is con¬ 
siderably smaller than the period of motion of the electron in its 
orbit and therefore Bohr uses his Perturbation theory with com¬ 
plete success for determining the energy change in this doubly 
periodic system possessing frequencies co and co^. 

According to Bohr’s theory (vide chapter on Light and Matter) 

A W co bJ + (Of ? Jf 

where bJ = nh and 5 Jf = hf h. 

4jt 2 e 4 ?w 
‘ n*h* ’ 


Since 


co 


we get 


A W- 


4j x 2 e i m 
n^h^ 


+ 


3 Fnh n F tu 
8ji 2 me 


4rt 8 me 4 , 8Fh % 
“W + to^e nn * 
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Since n F /n ~ e cos P we see that the maximum value of 
n F /n is equal to 1 and this happens when e«l, p=0, i.e ., the orbit is 
a parabola or a line passing through the nucleus. Such orbits are 
however not possible, as already discussed in §175. Hence the 
maximum value of n F is equal to n — 1 and on account of cos p, it 
can take all values 0, +1, ±2,..., ±(w -1). 


316. Further Work on Stark Effect —Stark Effect of 
H-lines for Weak Field. The reader might have noticed certain 
peculiar features in the treatment of Stark Effect of H-lincs. 
As was shown in § 178, any level in the H-atom distinguished by 
the total quantum number n consists of a number of sub-levels 
having characteristic values of / and /. In the present treatment no 
account has been taken of l andy, but new quantum numbers have 
been introduced whose interpretation is entirely different. The 
quantum number \ is in fact equal to /cos0, and.it is therefore 
equal to the projection of l on the axis of the electric field. 

As has been already mentioned the treatment is not justified 
at field strengths below 5000 volts/cm. This case is, however, 
only of theoretical interest as the Stark splitting under these 
circumstances can hardly be observed. Kramers* proceeding from 
Sommerfeld’s theory of fine-structure of H-lines showed that 
in this case the formula for energy change is given by 



where f = 3 h.F/ 8jc 2 Zew 0 , the unit splitting in linear 
a «= fine structure constant. The exact expression is 



Stark Effect, 


A long discussion of the deduction of this formula is to be 
found in H. d. Physik , 23 , §28. The reason for the absence of a term 
proportional to F is easily explained. When the field is strong, <o F 
is much larger than the relativity precession and the electrical 
centre of gravity lies always on one side of the plane (Fig. 41) 
through the nucleus and perpendicular to the field. When, how¬ 
ever, (o F is very small compared to relativity precession, the electrical 
centre is carried by the latter first on one side and then on the other 
side of the plane so that the first order term is once positive and then 

* Kramers, Zs. f. P%&, 3, 199,1920. 
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negative, and the time average is zero. The Kramers-treatment 
is, however, only of mathematical interest, as the assumption on 
which it was based (relativistic interpretation of fine-structure), have 
been found to be insufficient. Schlapp* and Rojanskyf have given 
treatments of the case from Dirac's relativistic theory of fine 
structure of H-lines. For this original papers may be consulted. 

It is found that after the fine-structure limit is passed the 
splitting is up to certain range proportional to F as discussed in 
§ 314 and § 315. But if the field is further increased the splitting is 
no longer represented by the formula (50). Takamine and Kokubul 
showed in their investigation of the Stark effect of the H 7 lines that 
the central e-component now becomes unsymmetrical relative to the 
unshifted line. Sommerfeld§ showed that these results are approxi¬ 
mately explained by the second order terms in F derived by 
Epstein li from the old Quantum Theory. Later a number of 
workers! showed from Wave-Mechanics that the energy W of an 
atom in an electric field may be expressed by 

W = W 0 + WiF + W 2 F 2 + W S F* + .. 

where W 0 represents the energy of the atom in the absence of the 
field. TfYFmay be called the energy of the first order-effect, W^F 2 
of the second order effect and so on. The expression for W\ has 
been already given. We have 

This expression can easily be shown to be equal to 

( 4 IT (17 »’-3 (»,-«,)*-9X‘ + 19! 

= - (a 0 n*) 3 {I? » a -S (m.-wi>*-9 X* + 19} . . (64) 

The second order Stark Effect can be considered as the field 
energy due to the polarisation of the atom when placed in an elec¬ 
tric field. In §273, we mentioned that this energy is W - $ a n F % . 
Expression (64) may be considered as the quantum mechanical 
average value of W% for the H-atom. 


* Schlapp, Proc. Roy. Soc. A., 119, 313, 1928. 
t Roiansky, Phy. Itev., 38, 1,1929. 

i Takamine aud N. Kokubu, Proc . Tokyo-Math. Soc., 9, 394, 105, 1918. 
§ Sommerfeld, Ann. d. Phys ., 05, 36, 1921. 

•I Epstein, Ann. d . Phys., 51, 184, 1916. 

1 G. Wentzel, Zs. f. Phys. , 38, 518, 1926. I. Waller, Zs. f. Phys., 38, 
635, 1926. P. S. Epstein, Phys. Rev., 28, 695, 1926. 
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Stark Effect for non-Hydrogenic Atoms. 

It was known from the early experiments of Stark himself that 
almost all atomic lines show Stark Effect, but generally the splitting 
varies not as the first power of F but as the second power of F. 
Foster* showed that in non-hydrogenic atoms, the first order effect 
begins to become prominent at comparatively large fields. The results, 
perplexing as they may appear, admit of a simple physical explanation. 
We have seen that in the case of elements other than hydrogen, the 
orbits can be broadly divided into two classes (i) penetrating orbits, 
(ii) non-penetrating orbits. It is clear from §271 that for penetrat¬ 
ing orbits the first order Stark Effect would be entirely absent 
because for the outer part of the orbit the electrical centre is on 
one side of the nucleus and for the inner part of the orbit it is on 
the opposite side. The potential energy due to the dipole moment 
therefore vanishes when time average is taken over the whole orbit. 
If the field be sufficiently great, the outer part of the orbit may be 
so distorted that the additional energy may be greater than the 
energy contributed by the inner orbit. In this case the first order 
effect would begin to appear even for penetrating orbits. For non¬ 
penetrating orbits like 4 d or bd of helium there should be a first 
order effect even with comparatively low fields. 

Fosterf has made very extensive investigations on the Stark 
Effect of helium lines in a modified Lo Surdo arrangement. His results 
on the Stark Effect of 2 P - 4 D line is illustrated in Fig. 42, plate X. 
The reader will mark that the field goes on increasing gradually 
from 0 at the origin to 45*5 k.volts at the bottom. It is to be 
observed that at higher fields the separations increase less slowly 
showing the preponderance of the first order effect. Besides a 
number of fresh lines appears which are due to forbidden transitions 
like *P - 4 P and 2 P - 4 F, A k = + 0, 2. The selection principle is 
apparently violated but in reality there is no violation as in strong 
fields l no longer exists, but we have the quantum number cos 6 
and the selection rules are AX*»±1, 0. For further information 
special treatises^ and original papers on the subject may be 
consulted. 


* Foster, Proc. Roy . Soc. A, 114, 47, 1927; 117, 137,1928. 
f J. S. Foster, Proc . Roy . Soc. A , 117, 137, 1928; 123, 112, 1929. 
t See, for example, Smekal, Quantentheorie (1933), Rap. 3, pp. 403-428, 
article by H. Bethe; J. Stark, fl. d. Exp . physik, Sii 4TO, 1927. 
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APPENDIX TO CHAPTER XIIL 


Table.—Ionisation Potentials of Elements * 


Element 

1 

II 

III 

IV 

V 

VI 

1 

H 

13530 






2 

He 

24*465 

54*144 





3 

Li 

5-364 

75-256 

121-840 




4 

Be 

9-276 

18-119 

153-108 

216628 



5 

B 

8-245 

24998 

37740 

258028 

338-525 


6 

C 

11-203 

24-260 

47-637 

64169 

390018 

487-550 

7 

N 

14-460 

29443 

47-201 

77-038 

97-397 

549 081 

8 

0 

13-549 

34*941 

54-625 

77026 

113*298 

137424 

9 

F 

174 

3481 

62-35 

87 34 

156-369 

184261 

10 

Ne 

21*49 

40*96 

63-2 

... 

... 

... 

11 

Na 

5-113 

47*065 

71307 

98 409 

137-638 

171-374 

12 

Mg 

7-608 

14-959 

79736 

108-774 

140*466 

185-566 

13 

A1 

5-956 

18733 

28*306 

119*386 

153*109 

189 347 

14 

Si 

8-077 

16261 

33329 

44915 

165660 

203-835 

15 

P 

1111 

19-78 

3004 

42-8 

647 


16 

S 

1031 

23-3 

34-9 ± -4 

47-08 

63 


17 

Cl 

1296 

23*15 

397 

53-20 

67-48 


18 

A 

15-69 

2772 

40-7 

... 

... 


19 

K 

4-32 

31-68 

47 




20 

Ca 

6-09 

11-82 

510 

69 V 9 



21 

Sc 

6-57 

12-84 

243 




22 

Ti 

681 

1360 

27-6 

43 07 



23 

V 

6-76 

141 

26-4 

48 

64 


24 

Or 

667 

16-64 


50-4 

73 


25 

Mn 

740 

15-72 





26 

Fe 

7-82 

1619 





27 

Co 

8-5 

16-9-17-3 





28 

Ni 

7-606 

18-13 





29 

Ca 

7-69 

20-19 

29 5 (?) 

' 



30 

Zn 

9-34 

17-89 

40 (?) 




31 

Ga 

5-97 

2043 

30-6 

639 



32 

Ge 

809 

15-88 

3407 

45-5 

90 


33 

As 

105 

20-1 

28-19 

49-9 

62-4 


34 

Se 

970 

21-59 

33-9 

42-72 

72-80 

81-4 

35 

Br 

11-80 

22-6 

25-7 

500 


36 

Kr 

1394 

24-4 

31-23 





The values are in volts, calculated on the basis of 13*54 volts. 

The values for elements of rare earth and transitional groups 
are the principal ionisation 'potentials , i.e. 9 those corresponding to the energy 
required for the change from the lowest energy state of the atom in one 
degree of ionisation to the lowest energy state of the next. For other 
ionisation potentials corresponding to changes between various metastable 
energy states of the atoms and the ions see § 343, table U, of Chap. XIV. 
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Table.—Ionisation Potentials of Elements —( contd ). 


Element 

I 

11 

III 

IV 

V 

VI 

37 

Rb 

416 

27'3 





38 

Sr 

5-67 

10-98 

... 

! 



39 

Y 

65 

123 

20*6 

33*83 



40 

Zr 

692 

13-97 

24*00 

36*1 



41 

Ob 

t • • 

. . . 

24*2 




42 

Mo 

7‘35 






43 

Ma 







44 

Ru 

77 






45 

Rh 

77 






46 

Pd 

83 

19-8 





47 

Ag 

7-53 

21-9 





48 

Cd 

8-95 

16-84 

35 




49 

In 

576 

1879 

27-91 

40*57 



50 

Sn 

73 

14-5 

30*5 

440 

58 

! 

51 

Sb 

8-5 

1 

24*7 

3771 ' 

.. 


52 

Te 

896 

... 

29-5 

• . • 

60 

72-0 

53 

I 



... 




54 

Xe 

12 078 

2i-i 

27-1 




55 

Os 

388 

234 





56 

Ba 

518 

996 





57 

La 

5-59 

11-38 

1910 





Element. 

58 Ce 

59 Pr 

60 Nd 

62 Sm 

64 Gd 

! 

65 Tb 

66 Dy 

70 Yb 

1st I. P. 

6*59 

5*76 

6*31 

6*55 

6*65 

674 

6-82 1 

i 

706 

Element. 

75 Re 

76 Os 

79 Au 

80 Hg 

81 T1 

82 Pb 

83 Bi 

88 Ra 

1st I. P. 
2nd I. P. 
3rd I. P. 

7-85 

8-7 

925 

10-39 

18-67 

6-47 

20-30 

29-7 

7*95 
15*0 j 
31*5 

80 

5-176 


Sources: 

(l) H—O: B. Edl6n, Zs. f. Phys., 84, 746, 1933. (2) F+ , F++, 
F+3 ; I. S. Bowen, Phys. Rev., 45, 82, 1934. (3) F+«, F+«: B. Edl6n, 
Zs. f. Phys., 88, 179, 1934. (4) Na—Si : J. SOderqvist, Nova Acta Reg. 
Soc. Sc.', Upsata, Sr. IV, 9, No. 7, 1934. (5) C1+ 2 , Q+*. Cl+<: I. S. 
Bowen , Phys. Rev., 45, 401, 1934. (6) Rare earths and transitional ele¬ 
ments: Rolla and Piccardi, Phil. Mag., 7, 296, 1929. (7) Br+ 3 : A. S. Rao, 
Krishnamurti, Proc. Phys. Soc., 46, 531, 1934. (8) Se+: K. R. Rao and 
S. G. Krishnamurti (t unpublished ). (9) Cb+ 2 , Cb+ 8 : Gibbs and White, Phys. 
Rev., 81, 50, 1928. (10) Os : Albertson; Phys. Rev., 45, 304, 1934. (11) Ra: 
Rasmussen, Zs. f. Phys., 87, 607,1934. (12) Ra+: ibid, 86 , 24, 1933. 









CHAPTER XIV 


COMPLEX SPECTRA 

317. Definition of Complex Spectra. —The simple types of 
spectra have been described in Chapters VIII and IX. The term 
complex spectra denotes those which consist of a large number of 
lines amongst which it is difficult, at the first sight, to detect any 
regularity. A typical example of complex spectra is afforded by that 
of iron shown in Fig. 1, Plate XII, reproduced from the jdiotographs of 
Fabry and Buisson. It consists at the first sight of an innumerable 
number of lines crowded in a smail space and not affording any guiding 
features such as groups showing constant frequency differences. As 
a matter of fact over 6000 lines have been measured between the 
regions \ 6000 to \ 2000, and witli a few exceptions (these belong to 
Fe+ ) most belong to the Fe-atom itself. At first sight, such a com¬ 
plex case seemed to baffle all solutions; but at the present time, 
thanks to the light thrown by successive advancements in the quan¬ 
tum theory, the origin of majority of the lines is understood. 

318. History and Methods of Classification of Lines.— 

The methods which have been used for the classification of the lines of 
complex spectra are generalisations of the methods already described. The 
first requisite for the classification of lines forming complex spectra is a list 
of lines which should be as complete as possible ; such lists are provided 
partly by Kayser, Runge and Konen’s Handbuch der Spektroskopie, but 
in many cases, particularly for the ultraviolet and infrared regions, they 
have to be supplemented by newer data, which are scattered over numerous 
journals. Then the wavelengths are reduced to frequencies on the interna¬ 
tional scale, and the characteristics of each line as far as known are noted. 
These characteristics include data on intensity, behaviour in flame, in arc 
and spark, the type of Zeeman splitting, and data on absorption. These 
are collected and properly utilized. A comparative study of the behaviours 
of lines in the flame, arc or spark, enable the workers to separate the lines 
due to the neutral element from those due to the same element ionised to 
different degrees. Data on Zeeman effect, wherever they could be properly 
interpreted were found useful for fixing up the type of multiplicity {vide §215), 
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Whenever a certain group of lines could be obtained in absorption, it was 
almost certain that they arose from fundamental levels. 

Earlier workers like Rydberg and Paulson * confined their attention to 
finding out groups of lines possessing common frequency differences. From 
the analogy of alkali and alkaline earth elements, it was natural to expect 
that such lines were organically connected. The work of Paschen on the 
classification of lines of neon was a great landmark in the progress of the 
subject. The spectrum of neon consists of about 800 lines between X 10,000 
and X 2,000. Paschen showed that the lines could be arranged into series 
which he called s*-p and p+-d series. He discovered 4.9-terms, lOp-terms 
and 12d-terms, each set being composed of Rydberg sequences up to the 7th 
or the 8th member. Such a work is almost unparalleled for the brilliancy 
of its execution, because it was done at a time when most of the principles 
which lie at the basis of classification of complex spectra were unknown. 

319. Catalan’s Classification of Manganese Lines.—The 

work which gave the most powerful stimulus to the classification of 
lines of complex spectra is due Table 1.—Lines in the manganese - 
to Catalan on the analysis of multiplet M* 4s S D —3<f 8 4p°D 
the spectrum of manganese.f (Catalan). 

Catalan showed that in this ~ 
spectrum, groups of associated 
lines occur which show the same 
features as the prf-groups of two- 
valence elements (vide p. 383). 

As explained already, this group 
is due to the transition between 
three p-terms and three d- 
terrns giving rise to 6 lines . 
instead of 9, the remaining 3 
being excluded by the selection 
principle for the inner quantum 
number. Catalan found that in 
the case of Mn, there were groups 
of lines which were evidently - 
connected in a similar manner, but the number in each group was 
much larger. A typical group of such lines discovered by Catalan is 
given opposite. 

* For details see Fowler's Report on Series Spectra (1922), p. 10. 

•(•The work was done at the laboratory of Prof. A. Fowler, Imperial 
College of Science and Technology, London. See M. A. Catalan, Phil. 
Trans. A., No. 223, 127, 1922. 


S. No. 

Wave¬ 

length 

X 

i 

v (cm” 1 ) 

Intensity. 

1 

4018*1 

24880-3 

8 

2 

4035*7 

24771*7 

5 

3 

40413 

24737*1 

10 

4 

4048*7 

24691*9 

4 

5 

4055-5 

246506 

8 

6 

40589 

246300 

2 

7 

4063-5 

246022 

4 

8 

40680 

245750 

2 

9 

40703 

24561-4 

2 

10 

40792 

24507-4 

6 

11 

40794 

24506-3 

6 

12 

4082-9 

24485-2 

6 

13 

4083-6 

24481-0 

6 
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The wavelengths, frequencies and intensities of the group of 
lines shown in the above picture are given below. 

Catalan showed that the lines can be represented as follows : 


Manganese Multiplet 
£ (X 4018 to X 4084 
P'24880 to V24480 


Structure 

Multiplet 


ire of the I 
;iplet I 


229*70 


229*70 


169*55 


!. 16955 

116-96 J 


1 

116*96 

J 

. 68-95 . 

n 


68*65 


Fig. 2. Catalan's Systematisation of a group of lines in Mn-Spectrum. 

It is better to represent this group of lines in a tabular form as 
shown on the next page. In table 2, three nuiltiplcts are given of 
which the middle one corresponds to the lines shown in Fig. 2. 

As is clear from the table, the thirteen lines arise from differ¬ 
ences between two groups of term, one group shown on the hori¬ 
zontal row consisting of five terms with the differences (>8’6, 117'2, 
169'6, 229'9 and the other group consisting of six other terms shown 
in a vertical column. From Zeeman effect, it was later shown by 
Back that the five horizontal terms are sextet d-terms, with the inner 
quantum numbers 

i 1, |, i, | - | i+2 | - | s+l | , s—f (sextet), (=2 (d-term). 

There are many other similar groups of lines which arc due to 
combination between these five d-terms, and other new terms. Two of 
these are shown, one above, the other below the multiplet treated here. 
The topmost multiplet is t: D — °F the lowest is 6 D — fi P. 

It was later shown that the three multiplets are due to the 
transitions 


3d fi 4s fl D - 3d B 4p 6 FDP 
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Table 2. — Catalan’s Multiplets for Mn 


3d 6 4 s 

68-6 117-2 169-6 229‘9 


6D i 


D * 

D i 

D ! 

3d 6 4pV 





4 

2 




6F i 

28-5 

26035-8 

26104-7 

■ 



4 

6 

2 



F * 

26007-3 

26075-9 

26192-9 



48-9 


5 

5 

2 


F f 

7T4 


26027-00 

26143-9 

26319*5 




8 

6 

1 

F * 



26072-8 

26242*1 

26471-8 

95'42. 




9 

3 

F. 

... 

... 


26146*6 

26376*3 

115-2 





10 

F v 





2626-0 


6 

2 




24561-4 

24360-1 




55-1 

6 

2 

4 



89-8 

24506-3 

245750 

24692-0 




6 

4 

5 


121-1 


24485-2 

24602-2 

247717 




6 

8 

8 

D S 

143-2 



24481-1 

24650-6 

24880-3 




6 

10 





24507-4 

24737-1 


4 

4 

3 



6F 5 

103-1 

276220 

27690-7 

27807*6 




4 

6 

4 


P * 

1622 


275876 

27704*6 

27874-1 




3 

6 

6 

F. 

2 



27542*4 

1 

1 

27711-9 

27941-6 


The term multiplet is given to a group of lines which can be 
arranged as shown in the above diagram. The number of associated 
terms may be 3, 4, 5, 6, 7 or even more: terms associated in the 
above way form a family. The spectrum of manganese was found 
by Catalan to be resolvable into families of terms, consisting of 
sextets (families consisting of a maximum of six terms) and quartets, 
and octets. 
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320. The Inner Quantum Number •—At this point Sommer- 
feld* became acquainted with Catalan’s work, and with his usual insight 
recognised in this work the key to the riddle of complex spectra. He had 
already introduced the azimuthal quantum number k which specified 
the s y p f dy /‘-terms. But some of these families of terms may be double as 
we have seen for alkali elements, or treble as in the case of p, d 9 /’-terms 
of alkaline earths. 

Catalan’s work on the Mn-spectrum showed that terms may possess 
even higher multiplicity, e.g. 9 in the multiplet given on p. 6'9, the number 
of d-terms is 5, and the number of /’-terms is 6. As more complex spectra 
began now to be classified, it was found necessary to coin a notation which 
will correctly represent the characteristics of these terms. 

At one time, the following notation was used to denote the characteris¬ 
tics of a term: 

.... here n is the total quantum number, r is the multi¬ 
plicity (r=® 1 for singlets, 2 for doublets, 3 for triplets), &«*Sonimerfeld 
azimuthal quantum number, j — inner quantum number. 

The successive terms of a family were distinguished from each other 
by putting the inner quantum number, represented by successive integral 
number, as subscripts to p, d, . .. . etc. Thus the three /9-terms of a triplet 
spectrum are distinguished from each other as p 0 , p x , p 2 . 

But these numbers were at first introduced only tentatively, and 
they have been fixed only after a good deal of trial. All terms of even 
multiplicity were found to he half-integral, and terms of odd multiplicity 
to be integral. The model of Catalan’s multiplets served as a great 
stimulus, between 1921-27, for the classification of spectra. All that was 
needed to be done was to hunt out a number of constant frequency 
differences, and then classify the lines into multiplets. As a fine example, 
may be mentioned Laporte’s classification of the spectrum of Fe (Zs. f. 
Phys., 23, 135, 1924; 26, 1, 1924). 

The significance of the inner quantum number was, however, 
first made clear from the study of Zeeman effect of lines of alkali 
and alkaline earth elements. We showed there how it has been 
proved that j is the vector sum of s and l where l is the reduced 
azimuthal quantum number, and s is the spin quantum number which 
has always the value ^ for a single electron. 

The mechanical moment of a single electron due to spin—J A/2 ji. 

The mechanical moment of a single electron due to orbital 
motion h\2n. 


* A, Sommerfeld, AtombaUy 4th. ed., Chap. 8. 
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Hence the resultant moment * (/+.$(. h/ 2jt =*(/+£). hl2x or 
* (/-£). h/2n. 

But though the angular moment of the atom as a whole is 
obtained by the simple vectorial addition of / and s 9 the calculation 
of magnetic moment, and of the energy present great difficulties. 
We have already illustrated in §221, how these motions are coupled 
in the case of a single electron, and how the interaction between 
the two vectors can be mathematically worked out. 

321. Two Electron Problems. —The problem becomes more 
difficult when two electrons or more are involved, but one such 
case (alkaline earth elements) has already been worked out in §277. 

Let us analyse the work given in §277 more closely. There 
it was proved that the nature of the spectrum is completely explain¬ 
ed if we suppose that the 5-vectors of the two electrons are vec- 
torially added to give a resultant S as if the l } s are not present, 
and the /-vectors are veetorially added, as if the s ’s are not present, 
to give a resultant L. The resultant S, and L then combine to 
give the inner quantum number J. Thus for two electrons 

S — | si +.s 2 1 = 11 + 11*0,]... Singlets, Triplets 
L == | fa + /» I = (/i + fa\ .(/i ~ fa) or (/2 fa) 

and J* I S + L | 

Thus for triplet P, 

J = | 1 + 11 = 0 , 1 , 2 . 

In table 3 we have indicated the method of adding /-vectors 
of two electrons occupying different shells. The middle column 
of the table denotes the vector sum L of fa and fa for a given 
value of fa when fa takes values 0, 1, 2, 3 and 4 successively. The 
resultant //-values are denoted by the terms S, P, D, .... to 
which they give rise. Thus from the table it becomes at once 
evident how we can obtain the quantised vector sum of /, s over 
several electrons. 

Now we can give in a tabular form the addition of 5-vectors of 
two different electrons. Here we have to remember, as mentioned 
in §218, that in going from one atom to the next having its valency 
higher by unity, the multiplicity splits up into two values, one being 
a unit higher, the other a unit lower. This has its explanation in the 
fact that the spin of the new electron adds itself either parallel or 
antiparallel to that of the previous other electrons, and the resultant 
F. 60 
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spin of the atom is greater or less by half than that of the previous 

atom and consequently 

2able 3.—The vector summation 
of l\ y 1 2 vectors . 



the multiplicity is greater 
or less by unity. It 
is a natural inference 
from this that all the s ’s 
making up S are either 
parallel or antiparallel to 
& Thus the results are 
as indicated in table 4. 

The tables for the 
resultant /-values obtain¬ 
ed on the addition of L 
and $ are given in the 
chapter on Zeeman Effect. 

The energy relations 

FOR TWO ELECTRON- 


SYSTEMS. 

The calculation of 
the term values in the 
case of two-valence 

elements has already been 
given in §277. But it 
should be pointed out that the method of calculation used there does 
not generally apply to all cases. It applies only to the cases where the 
RS-coupling holds, that is to say, the interaction is such that the 
coupling between the l and s vectors of individual electrons are 
broken so that s { and s 2 combine to form a resultant S 7 and and l 2 
combine to form a resultant L, and L and S combine to give 
J-values equal to | L + S f. For this kind of coupling, the Lande 
interval rule is followed, but there are many two-valence elements 
and ions for which the rule is not followed, as for example, that of 
Ba given below : 



56 Ba QsQp ... 1 P x -23969, 3 Po“2976B'3, 3 P 1 *=29392*8,^2*28514-8 

3 P 0 - *Pi —370*5, 3 Pi - 3 P 2 =*878-0 

Here 3 Pi~ 3 P 2 : 3 P 0 - — 2*37: 1 and not 2:1. The 

deviation from Land£ interval rule may be taken to be a measure 
of the departure of the case from that of ideal RS-coupling. 
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Table 4.—The vector summation of s u $ 2 -vectors. 


322. The jj-cou- \ 
pling.—A n o th e r V 
kind of coupling is \ 

illustrated in the _ S| \ 

0 

”3) 

w 

Doubl. 

Trip. — 

Quar. ** 
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n 

5 

+J 

X 

OJ 

OD 

3 

& 

s 

s / 

/ *1 

following case. Let 









0 

us take the elements , 

0 

1 





=°l 

0 

4 

C, Si, Ge, Sn, Pb. 1 

i 


1 





1 

Their normal con- | 




* 

! 

2 



f 

2 

stitution, as a glance 









at table 20 on 









p. 583 shows, is np 2 . ® 

A 

i 

i 



!_*i 

= 4- 1 

0 

1 

We do not consider \ 

U 

4 

i 

a 




1 

this state for tlie f 



1 


2 



4 

2 

present. The next 




1 


3 

4 


2 

state is np, n+1 s; 









in C it is 2p.3s, 0 



1 



j !_«* 

HD' 

0 

in Si 3p,4s , etc .. . j 



1 

t 

2 



4 

1 

If Russell-Saund- f 




* 


i 


4 

ers’ coupling held 2 





2 


3 

2 

in these cases, we - 

— 



— 

-- 

— 

— 

— 


should have the following terms: 

S «= | .9i +s 2 I - I i + a I = 0, 1 •.. singlets, triplets, 

L = | li+l 2 | “= I 1+0 | =1.P-terms, 

and J - | S+L | = | 0+1 | , ! 1 + 1 | . .. l P lf 3 P 0 , i, 2 . 

Thus up, n+1 s should give us four terms, 1 Pi and 3 P 0 , i, 2 . 

On analysis of the spectra, four terms were obtained, with the 
./-values 1, 0, 1, 2, the smallest of which can be regarded as a 
singlet term, and the other three as triplet terms; but these do not 
usually satisfy the Lnnde rule, as table 5 shows. 

Table 5,—lYiplet Pseparations for C, Si, Ge, Sn , Pb* 


Elem. 

Config 

3 P 0 - 3 Pi 

3 Pi — 3 P 2 

3 P3-'Pi 

3 P,- 3 P 2 

Ion 

2 P* — 3 P; 

3 P 0 - 3 P l 

c 

2 p 3s 

20 

40 

1100 

2 

C+ 

638(1) 

Si 

'Ap 4s 

77 

194 

1037 

25 

Si+ 

287 (2) 

Ge 

ip 5s 

250 

1415 

903 

5'6 

Ge+ 

1764 (3) 

Sn 

5p 6s 

274 

3714 

6- J 8 

13-5 

Sn+ 

4253 (4) 

Pb 

6p 7s 

827 

12902 

1251 

394 

Pb+ 

14070 (5) 


* From if. rf. Attr. t 1/2, p. 616: and Atomic Energy States Goudsmlt and Bucher. 
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A glance at this table shows that for C, 8 Pi - S P 2 : *Po - s Pi 
**2:1, but for Si and other elements, the relation no longer holds. 
For Pb, the ratio is 39*4. In fact as the atomic number increases, 
the four terms split up into two sets: set 1 consisting of ( 8 Po*i\ 
set 2 of ( 3 P 2 , x Pi) and the difference between the two sets approaches 
the J Pj - *Pj separation of the corresponding ion. Compare 
columns 4 and 8 of the table. The Zeeman splitting in these cases 
is not given by the Lande formula given in §222. 

Let us see how the separations can be calculated. Let us first 
suppose that the RS-coupling holds. Then we have, since / 2=0, 

A W = W(s x s % ) + W(s t h) + W (s % h). 

W(siSt ).... accounts for the singlet-triplet separation though in an 
indirect way (vide § 277). This is now comparatively small, as the total 
quantum numbers are different. We can neglect TT(s 2 /i). W(8\ l\) 
can be calculated exactly in the same way as in §220. We have 

Av * Als cos (Is) .(4) 

where A = a cos (S Hi). ~ cos (Lh) j -= | (Z- a) 4 

and for 3 P 0 . .. v=v 0 +2J, , P 1 ... v 0 +J, S P 2 . .. v=v 0 -A 

Table 5 shows that the interval rule is followed only for the 
O-atom. Even for N + , ^-•Pf : *84: 50, the rule 

is not followed. 

The failure of this relation for large Z shows that A W can no 
longer be represented by (4), i.e., we can no longer suppose that the 
coupling betwee n the 1%, -vectors of the inner n/p-electron is 
broken by the n+1 5-electron for heavier elements, i.e ., the 
magnetic field of the external electron is too weak to break the 
coupling between the fe-vectors of the inner electron. In fact in 
the case of the heaviest elements (Sn and Pb) we may suppose that 
the inner electron retains the coupling between its l and 5 -vectors. 

The situation may be symbolically expressed as follows : 

ATT 3 * {(si/i) ($*/*) } = (j x ) (silj^jxsx .. since 0 . . (5) 

This denotes that the coupling between s x and l x persists. The 
Ensaell-Saunders-coupling is represented in the same notations as 
follows: 

APT- i(8ih) (sj/j)} ~ (8 lSi ) (hi,) - (8) (L)-J . . . (50 
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IGP)- 


2 P 


1/2 




3/2 


What will now be the nature of terms due to the coupling 
scheme in (5> ? We illustrate it with the case of up n+l. s-states. 

The starting point is 
the singly ionised atom 
having the states 2 P2 

2 Pi! of Pb+. The 
coupling is shown in 

/,| 1/, I/, I/, Fig< 3 * 

(6p7s)-; ■} » Thus when the 

Pb + -ion is in the 2 Pj. 



1, 


/. 

/ 

s, s x 

fi s » 

*4! 


•4! 



I 


II 

O 


[327j 

4, 3 p, 



-state, and a 7s-elec- 
tron is brought, the 
inner quantum num- 
ber* J = | ii + s 2 | = 

I i + i 1=0 and 1, we get 
two terms with /= 0, 
j=l, T 0 > Ti. But 

when the Pb + -ion is 


Pig* ifl-Coupliiig Scheme for np (h+ 1). * configuration. 


in the 2 P» -state, and a 


7s-electron is brought to it, the inner quantum number of the tcrm= 
I f + i I = 2, 1. The two groups of terms have roughly the distance 
3 P^ — 2 P| of the corresponding ion. 


323. Zeeman-Effect for jj-Coupling. —In §222, we have 
given a deduction of the Lande #0)”factor from the hypothesis of 
rotating electrons for states of any multiplicity. In this deduction 
the assumption was made, though it was not explicitly stated there, 
that the coupling was of the RS-type, i.e., the spins of the compo¬ 
nent electrons can be supposed to combine into a resultant $, and 
the /-vectors into a resultant L-vector. In cases where the RS-coup- 
ling does not hold, the Lande formula for Zeeman separation fails to 
hold. 

Even before the present ideas took a finite shape, it was known 
that in many cases, the Zeeman separations did not follow any well- 
defined scheme as we obtained in the case of two-valence elements. 
The best known examples were obtained in the case of neon from 


* Both J and j have been used throughout without distinction for 
the resultant inner quantum number. 
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the works of Paschen* 
lable 6. Calculated and observed Lands , m( j B ac k,-j- \\r e do not 
/actor on RS, and (jj)-couplings. give an a< ; count of the8e 

. 7 -values observed ^-values WOrks here ’ aS the spec ' 
_on (JJ)- trum of neon will be 

Ne Sn Pb ® c ^ eme explained later. But 

-— —-Land 6 recognised that 

1*50 1*500 1 501 1*50 in these, we had to deal 

1-03 1-125 13 50 1-17 with a C,a8S ° f spectra 

which stood outside his 

scheme, and he called this 

M Second Stage Spectra.” This is identical with the spectra resulting 

out of jj -type of coupling, which we are now discussing. 

The abnormal values of the Lande factor in such cases is 
illustrated in table 6 . 

Let us now see how we can obtain an expression for the g(j)~ 
factor in an ideal jj- type of coupling, involving only two electrons, as 
for example, in the np.n+1 ^-combination just treated. In such 
cases, the /-vectors of the electrons combine to form a resultant J, 
and when a magnetic field is imposed, the J-axis will precess about 
the axis of the external field. The component j’s will individually 
precess about the resultant J, The total effect is therefore obtained 
by adding up the effects due to each electron and then averaging 
suitably. 

Following this idea, the value of g(J) can be at once put down as 
follows : 

Jg{'J) = {l\ cos (li J) + 2 s t COS (.9! f J)} 

+ {h cos (/ 2 J )+2 s 2 cos' (s 2 J)} . . . ( 6 ) 

\vide eqn. (52), p. 425]. But we have 

cos (Zx J) = cos (Zx ji) cos (ji J), cos (l 2 J) = cos (Z 2 /*) cos 0* J)* 

Hence we have 

Jg{J) cos (ji mihJA 

+ /, cos (ji J) j - 8 cos iiil J 

* F. Paschen, Ann. d. Phys ., 60, 405, 1919 ; 63, 201, 1920. 

f E. Back, ibtd., 76, 317,1925. v 



^-values 

Term 

on RS- 
Scheme 

3P, 

1*50 

3P, 

1*50 

*P 2 

rou * 
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Now we have g{j x ) - 

3 1 

and a similar expression for g (j t ). 

Therefore, Jg(J) —j\ g (Ji) cos 0 'i J) + j2 g(j%) cos (/, J). . (6a) 
or fAJ) = g(n( J l + 2^r ^ + g< Ja) . .(66) 

or <&) - gO'.) 4ia,+i). + . Jy + - $-> xMi±n 

+ g fa,) t ^aJa - + - 1 >. . (7) 


Equation (7) represents Land£ gr-formula for two-electron 
system on (^-coupling scheme.* Here g(j t ) and g(j 2 ) are the 
gr-factors for the first and the second electron alone and can be 
calculated from equation (54), Chap. X. 

Let us now apply this formula to the case of terms arising out 
of np n + 1 . s-combination. We calculate the g (s) according to (7). 
These are given in the last column of table 6. 

(a) np 2 P^ . n + 1 s 


Here 0 O 1 H 4 / 3 , g (j 2 )^ 2 , 2. 

/ 4 | . i + 2.3— i . | , 0 I . f+2.3 —f. 1 

g \J) =3* -r 4 . — 


(b) 


2.2.3 
?ip 2 Pj n+1. s 


2.2.3. 


1 + 1= 1*50. 


J - 1. 


Now «W>-| + 2- J ±A - l-J-nti6. 


(c) 




2 P 


Here 

gi'J) = 


^ n + 1 , s . • 

0 (/ 1 ) “iff 0’*)™ 2 * 


-7=1. 


Li-±1|-U- + 2 . -^+^1"--' ' - i +1 r T33. 


A glance at table 6 shows that the coupling of 6p. Is in Pb is 
completely of the j^-type. For Sn, the conversion to the jj -type is 
not complete. 

For further illustration we take the gr-values of a /^-configura¬ 
tion for an ideal yy-coupling. The /-values of the resultant terms as 
given by the RS-coupling, and the ^‘-coupling may be contrasted. 


* This deduction was first given by Goudsmit and Uhlenbeck, Zs. /. 
Phys^ 35 , 618 , 1925 . 
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For the RS-coupling 

1 . . . singlets, triplets. 

L — | 1 + 2 | — 3, 2, 1 . . F, D, P-terms. 

Hence we obtain 

(pd) = 8 F 2,3,4 3 Di, 2 ,b 3 Po>1»2 I 

x Fb x D 2 1 P 1 J 

i.e ., altogether 12 terms, of which one term has ;=4, three have j = 3, 

Table 7.— Lande g-values for ^ our ^ave 3 8=8 

a p d-combination. three have ] 1 

--—- and one has j — 0. 

Ru8sell-Saunders’Coupling j n ^y. CO up- 
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3 
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1 

0 

ling, we have the 
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(j£/)-Coupling. 


l’l D ! 

j = 1,2,3,4 


\ J 
;'i\ 

4 

3 

2 

1 

0 

Thus we get 12- 
/ ^ 2 terms with the 
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is 
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$8 
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1 

same distribution of 

2 

f inner quantum num- 

J bers amongst the 

terms. 

2 9 

1 

H 

V 

3 

8 

The p(J)-values of 
. terms for an RS- 


coupling can be 


easily calculated from Lande formula. For the yy-coupling we 
can carry out the calculations by using formula (7). These are 
shown in table 6. 

324. The g-sum Rule and g-Permanence Rule.— 

(A)<t-Sum Rule.:* From the above table we easily perceive the truth of a 

*For an account of the subjects treated in §§324, 330, 331,332, 
332a, 333, see Pauling and Goudsmit, The Structure of Line Spectra, 
Chaps. VII and JX; Handbuch der Astrophysifc, 111/2, Chap. 6, 
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well-known rule known as g- sum rule which is often employed in the 
interpretation of spectra This runs as follows : 

For the different terms which arise out of a given electron configura¬ 
tion, the sum of the 0 -values for those terms which have the same / is 

independent of the 

Table 8.—m andg-iahicx fey) ft j)(l—co natio/). coupling scheme as 

well as of the field 
strength. From Table 
7 we only see that 
the sum rule is inde¬ 
pendent of the coup¬ 
ling scheme. For 
illustration, we ob¬ 
serve from the table 
that the sum of g- 
values for 3 for 
3 F 3 , 3 D 3 , ^-terms 
on Russell-Saunders* 
scheme of coupling 
is and the sum 
of ^-values for the 
terms with j —3 aris¬ 
ing out of j[/-coupling 
is the same, viz ., 
H. This is true 
for other /-values as 
well. 

Before showing 
that the sum rule 
holds good whether 
we employ a weak 
or a strong field, we 
shall give a formula 
for calculating the 
0 -values for very strong fields where the coupling between the l and s vectors 
is broken. The 0 -formula for weak fields is given by equation (54), §222. In 
order to calculate 0 -values for strong fields, we should remember that the 
Land 6 0 -factor can be defined as the ratio of the magnetic to the mechanical 
moment when the two moments are expressed in units of the Bohr 
magneton and k/2n respectively (see Chap. XVI). In a strong fields ceases 
to exist and the ratio is taken between the components of moments parallel 
to the field. Thus for a single electron. 

„ m ^ w | „ 2 - — (8) 

^strong " w : *" mi 4 . m s M m 

F, 87 
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Table ft— Illustration of the g-sum rule for a p-d combination . 



In the case of several electrons possessing their individual values 
of mi and m 8 which differ, Pauli puts down the value of Strong as 
follows: 


„ s (mu+ 2 ?n 8i ) 

9 Htrong ** s (mu + m 8i ) . . • w 

In Table 8 we arrange m 8 and mi values for ^-electrons in the 
uppermost row and for ^-electrons in the first column, side by side. Since 
six and ten electrons are required to fill the p and the d-shells respectively, 
we get 6 columns and 10 rows in which the corresponding m and 
gr-values are shown as calculated from equation (9). 

With the help of Table 8 , we arrange in a column all the 0 -values 
arising out of this pd-configuration for a given m-value, as shown in the 
upper portion of Table 9 . 

In the lower part of the table, the 0 -values for a weak field are 
arranged. It is easy to see that the sum of the 0 -values for a particular 
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m-value is the same whether we consider them for strong or weak 
field. 

(B) ^-Permanence Rule. 

Pauli gave another similar rule known as the g-permanence rule 
which though not of very great importance may however be used in 
the interpretation of spectra. It may be stated as follows: 

In a multiplet level characterised by definite l and s values, the sum 
of all the 0 -values for those magnetic levels which have the same m-values 
(but may belong to different levels) is independent of the field strength. 
For a weak field where,/ exists, we have to take the sum of 0 -values for 
magnetic levels having the same m-value but belonging to different terms. 
In a strong field where j no longer exists, we have to take the sum over 
different sets of m 8 or mi values corresponding to a particular m-value. 
The two sums are equal. 

Symbolically we write 

0Htron£ 0weak> .... ( 10 ) 

nig or mi i 

for given m, l and s. 

The Strong values for a given multiplet are calculated from equation 
(9). In Table 9 a the 0 -values for strong and weak fields for a triplet D- 
multiplet are shown. 

Table 9a.—Illustration of the g-permanencc rule fa?' 8 Z>. 



The exactness of Pauli’s rule is evident from the Table 9a. With the 
help of the 0 -permanence rule we can obtain an expression for the Land 6 
0 -factor in its exact form without the use of quantum-mechanics. This fact 
leads us to the conclusion that 0 -permanence rule is a fundamental 
principle, quite in accordance with the new Quantum Mechanics. 
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325. Calculation of Optical Levels due to any Electron- 
Composition. —With the aid of the principles sketched in the fore¬ 
going sections, we shall now describe how the optical levels due 
to any electron composition can be calculated.* For the sake of 
simplicity, we shall suppose that the Russell-Saunders* coupling 
holds. This class comprises by far the majority of spectra so far 
classified, though in many important cases, other types of coupling 
hold good. RS-coupling is chosen because the mathematical work¬ 
ing is here the simplest. As the s-vectors of the individual electrons 
combine to form a resultant S, and the /-vectors form a resultant L, 
the problem is simplified almost to the case of a single electron 
possessing the spin-value S , and the orbital momentum value L. The 
interaction energy may be calculated by applying methods which 
are generalisations of the method described in §277. 

As a general rule the normal electron structure of the atom or 
the ion should be first written out. Thus taking the elements 
carbon to neon, we find that their normal and excited electron- 
structures can be written as follows : 

[Is 2 2s 2 J 2p l , . .. 2 p T ~ x 3 s, . . . 2 p x ~ l 3p, . . . 2 p x ~ x 3d i 

where x = 1, 2, 3, 4, 5, 6 for C + , C, N, O, F, Ne respectively. The 
first denotes the normal structure, and the others are excited 
configurations. 

We have therefore first to find out optical terms arising out of 

the combination 2 p x where x varies from 1 to 6. These will give 
us the normal states for elements from C to Ne as well as for ions 
belonging to a similar group. The excited states are obtained 
by successively increasing the quantum numbers of one of the 
electrons, leaving the others in their original positions. 

The cases due to the combinations 2«. np> 2 p. ns have already 
been worked out. We now consider the next combinations. 

The 2 p ^p-Combination. 

We have S = | i f i | = 0,1... singlets, triplets 
L | 1 + 1 | — 2,1, 0 D, P, 8-terms. 

The /-values can be found in the usual manner, so that the 
terms are: 


♦The sequence of multipiets expected in the spectra of various ele¬ 
ments was first given by F. Hund, Zs. f. Phys t$ 33, 345, 1925. 
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( 2 „ „„) _ / 8 ^l» *» 3 ’Po, „ , S Si 1 

\2pnp) — | 1Dg x Pl xgj 

Total number of magnetic levels possessed by these terms are: 

3+5+7+1+3+5 + 31 
5 + 3 + lj~ 36 

Since an electron in a p-orbit possesses 6 magnetic levels and 
there are two such electrons, the total number oi magnetic levels 
would be 6 X 6 = 36. 

Proceeding as before the terms due to 2 p nd combination are 

8 F 2 , 3) i 2> 3 3 Po, 1» 2 

l F. 'Djj l P x 

The actual numbers of magnetic levels are : 

5+7+9 3+5+7 1+3+5\ 

7 + 5 + 3 j~h° 

Since an electron in a rf-orbit can have 10 magnetic levels and 
an electron in a jt>-orbit can have 6 magnetic levels, the predicted 
number of magnetic levels would be 10X6 = 60 which is verified. 
For illustrating the principles just described, we take the case of 
doubly ionised oxygen* having the constitution hs 2 2s' 2 2p\ Its 
term-values are shown in Table 10. 

326. Equivalent Electrons. —We shall now take up the case 
of equivalent electrons, i.e., electrons placed in the same s, p or rf- 
orbit. In such cases some of the states obtained in the usual 
manner are ruled out, for they correspond to an atom having two or 
more electrons with all their quantum numbers identical which means 
violation of Pauli's Principle. The problem has been already in¬ 
troduced by taking the case of two equivalent .v-electrons, where an 
application of Pauli's Principle showed that ms 2 should give us only 
an 1 S 0 -term and no H Si-term. Let us now calculate the terms due 
to np 2 . For this purpose, it is more convenient to use magnetic 
quantum numbers for strong fields, i.e,, m s , mi in place of j and s. 

This is justified in most cases, because as the electrons are in 
the same level, they strongly influence each other and the coupling 
between the l and 5 -vectors of individual electrons is broken as 
happens when a strong magnetic field is introduced (Pasehen-Back 

* A. Fowler, Proc. Roy . Soc. A, 117, 317, 1928. 
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TabU 10.—Normal and excited terms of 0++-ion. 


Term 

Term-value 
(v in cm** 1 ) 

Av 

Term 

Term-value 
(v in cm- 1 ) 

AV 

2 p* .. 

,.»P. 

*P, 

444661 

444545 

m 

193 

2 p 3d... 'F 3 

12013209 



3 P* 

444352 

3 F 2 

12013104 

195'79 

178-16 


•D 2 

*So 

424385 

401472 


3 f 3 

3 F< 

119935-25 

11975709 

2 p 3 s . 

,.3P 0 

3 Pl 

*P 2 

177336*21 
177217 85 
176960 91 

11836 

256i)4 

•Pi 

8 Di 

3 d 2 

119859-28 

117365-56 
117316 32 

49-24 

73-72 


•Pi 

171513-43 


8 D, 

117242-60 

2p3p. 

..'D 2 

3 D| 

153636 88 

15072824 

136-34 
220 05 

3 Po 

3 Pi 

3 P 2 

115125-52 
115011-52 
11495007 

^ r* 

^ so 
'-s 

1 i 


3 D 2 

3 Da 

150591-90 

150371-85 

•d 2 

111816-4 



3 S t 

' 147036 00 






•So 

14627809 






3 Po 

144365-20 

82-10 





3 P. 

144283 19 

130-54 





3 P 2 

14415265 






'Pi 

130792-43 






Table 11. 


effect). So we are justified in using magnetic quantum numbers for 
strong fields, for representing magnetic levels. 

Pauli's Principle requires that the terms arising out of the np 2 - 
combination should be such that their total number of magnetic levels 
should not be 6 X 6 = 36 , but 6 C2 S=S 15. So a few of the terms obtain¬ 
ed from a np . mp combination (see Table 10) have to be ruled out. 

Let us see how this can be 
done. For a single ^-electron, the 
pairs of (m 8 , mi) values are six 
in number as shown in Table 11. 

Here the state a denotes 
one with m% ** £, mi *= 1, b with 
m i, mi ** 0,... and so on. 

The 16 combinations which 
are to be chosen so that the Pauli Principle is obeyed are shown in 



a 

b 

C 

d 

e 

f 

Vis 

i 


i 

-i 

-i 

-i 

mi 

i 

0 

-l 

1 

0 

-1 
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Table 12. 



ab 

ac 

ad 

ae 

af 

be 

bd 

be 

bf 

cd 

ce 

of 

de 

df 

«/ 


1 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

-1 

-l 

-1 

*L 

1 

0 

2 

1 

0 

-1 

1 

0 

-1 

0 

- 1 

-2 

1 

0 

-1 

M 

2 

1 

2 

1 

0 

0 

1 

0 

-1 

0 

-1 

-2 

0 

-1 

-2 

T 

\a 

0 

1 

0 

ia 

ia 

-ia 

- \a 

0 

ia 

-ia 

- {a 

0 

-la 

0 

ia 


Table 12. Our next task is to choose pairs of M s M r ,-values in such a 
way, that we can at once read out the resultant terms from them. We 
observe that the highest M L is 2, coupled with M s = 0 (ad). This 
must be a magnetic level of 1 D 2 -term. Then we have the next 
highest M l =1 with M s = 1 (ab). This should represent the magnetic 
level of a 3 P 2 -term, and J Px, J P 0 -terms come by association. We 
thus obtain the following regrouping of (M.s, M/,)- values : 


JO 

o 

k 

o 

0,0 

1 

H-k 

o 

1 

JC 

© 

... ‘d 2 

1, +1 

0, + 1 

-1, + 1\ 


l, 0 

0, 0 

-1, 0 

... 8 P«, 1, 

1, -1 

0, - 1 

-1,-1/ 
(0, 0) 

... ‘So 


There is a certain amount of uncertainty in this selection, e.g., 
the pair (0, 0) rises from the three combinations afbe , cd and it is 
not clear to which of these 1 S 0 -term corresponds. Disregarding this 
uncertainty, we obtain the following : 

np 2 ... 3 P 0 , i, , , ‘D 2 , ‘So 

Experience has shown that the terms with the highest multipli¬ 
city and larger /-vector have the largest value. Thus 3 P 0 , x, 2 
> > ‘So- A theoretical explanation of this fact is given later. 

The up 3 -Combination. 

The optical terms arising out of up *-configuration should 
possess, according to Pauli's Principle, (] Cs — 20 magnetic levels. 
Hund was the first to show that the levels which satisfy these 
criteria are 

np 8 . . . 4 S*, *D|, (, *P i , i 


The origin of these terms is illustrated in Table 13. We do not 
show all the comb ina tions, but only those giving terms with the 
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highest j. The other combinations may be written and verified 
easily. 

Table 13. 


\Eleetron 

wiz, m 9 \ N 

(0 

(2) 

(3) 

s 

i 

Term 

Number of 
magnetic 
levels 

wj 

ft 

i 

i 

0 

: 

-1 

? 

0 

i 

4 Ss 

4 

(abd) 

i 

l 

1 

6 

_ i 

1 

i 

* D *. 1 

*10 

<■*> rn 

i 

l 

i 

0 

_,i 

6 

i 

i 

2P §, 5 

6 







Total 20 levels 


The ^‘-Combination. 

The optical terms arising out of the up* -combination should possess 
6 Ci=15 magnetic levels like up 2 and calculation in accordance 
with Pauli’s Principle shows that in this case we get the same terms 
as in the case of the «p*-shell. This is partly a consequence of the 
theorem that "C r — " Ck -Thus the terms due to this combination are 
«P 4 • • • ’Pi, i, o, 1 D 4 , ‘So 

Inverted Terms .—There is, however, one important difference 
between the terms of rip* and np 2 in spite of their similarity. The ®P- 
terms in np 1 are inverted, i.e., ®P 2 > 'Pj > 3 P 0 . 

In the cases so far studied, we have always found that of a set 
of associated terms, those with smaller values of j have higher 
numerical values than those with larger values of j. Thus in the 
spectra of alkaline earth elements, 

®P 0 > *Pi > ®P 2 ; "Di > > 8 Ds. 

But now we shall come across cases in which the reverse law holds. 
Such terms are known as inverted ( verkehrte) terms. We shall find 
examples of inverted terms later on. 

The «p 5 -combination. 

The optical terms of the wp*-combination will be identical with the 
optical levels of the wp-configuration, because *Cj =*• *Cj =6. Here also 
theterms are inverted, i.e., 3 P| > 2 P^ . Generally when the number 

of electrons is larger than half that are required to fill the given shell, 
the terms become inverted. A proof of this will be given later. 





§ 326 ] 


EQUIVALENT ELECTRONS 


697 


The np 6 -combination. 

The case of the wp 6 -combination is identical with that of ws*- 
combination because both of them represent a completed subgroup. 
As a general rule, it must be remem¬ 
bered that in such a saturated shell, 
for every electron with a given m 8 
and ////-values, there is always another 
electron with m s and mi values of 
opposite sign. Further since the 
number of electrons required to fill a 
subshell is always even, = 0 and 
"Lmi =0, the resultant state is always 
1 S 0 , i.e. 9 it is non-magnetic. It is as a 
result of this important property that 
in determining the optical terms of a particular configuration, the 
completed shells or subshells are altogether neglected. 

We have thus traced all the optical terms due to //^-combi¬ 
nation. The optical terms due to nd x and nf x combinations can 
also be obtained by the methods already employed in the foregoing 
pages. In Tables 14, 15, and 16, terms arising from np x , nd x , nf x 
configurations are given.* 


Table 15 .— Equivalent, d,-electrons. 


Configuration 

Terms 

d l 

2 (D) 





'(SDG) 

;1 (PF) 

2 (PDFGII) 



d* 

2 (D) 

4 (PF) 


d* 

'(SDG) 

; *(PF) '(SDFGI) 

"(PDFGH) 

ft (D) 


2 (D) 

"(PDFGID 

MPF) ♦(SDFGI) 

♦(DG) rt (S) 

d« 

'(SDG) 

:, (PF) '(SDFGI) 

HPDFGH) 

®<I>) 

(V 

2 (D) 

*(PDFGII) 

4 (PF) 

d H 

'(SDG) 

3 ( pf) 



d» 

2 (D) 




d'° 

'S 





Table 14.—Equivalent 
p-electrons. 


Configur¬ 

ation 

Terms 

P 

*p 



V' 1 


iD 

3P 

pZ 

2p 

2D 

4 8 

p* 

>s 

ID 

3p 

pb 

2P 




»S 




Table 16 .— Equivalent f-electrons. 


Con fig. 

Terr* < 

r 

*(F) 


f* 

»(SI)G I) 

•’(PFH) 

p 

*(PDFGHIKL) 

♦(8DFG1) 

f* 

'(SDFGHIKI.N) 

•’(PDFGHIKLM) 

p 

*(PDFGHIKLMNO) 

♦(8PDFGHIKLM) 

f* 

! '(SPPFGHIKLMNQ) 

’(PDFGHIKI.MNO) 

fl 1 

j 3 (8PDFG III K LM NOQ) 

♦(SPDFGHIKLMN) 

ft 

'(SPDFGHIKLMNQ) 

3 (PDFGH1KLMN0) 

ft 

“(PDFGHIKLMNO) 

♦(SPDFGHIKLM) 

flo I 

'(SDFGHIKI.N) 

•’(PDFGHIKLM) 

fit 

"(PDFGHIKL) 

♦(8DFGI) 

fit 

»(SDGI) 

3 (PFH) 

fin 

*(F) 


fi* 

*(8) 



*(SDFGl) 

“(PFH) 

“(SPDFGIIIKL) 

"(PDFGHI) 

ft (8PDFGHIKL) 

*(PFH) 

“(SDFGI) 


7 <F) 

s <8) 

T (F) 


* These tables have been adopted from those given by R C. Gibbs, 
D. T. Wilber, H. E. White, Phys. Rev., 29, 790, 1927. 


F. 88 
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327. Slater’s Diagrammatic Method. —Slater* has illustrated 
the above results by a graphical method which we now proceed to explain. 
In this, the m*-values in units of £ are plotted along the abscissa, the 
mrvalues in units of 1 are plotted along the ordinate. A point (m 8 , mi ) 
in the configuration space denotes a particular magnetic state. The 
magnetic states for singlet, doublet and triplet terms are illustrated in the 
following diagrams : 



8 n 


Ft*. 4. 81ater'8 representation of the magnetic states for *** (8PD)-term». 


*J. C. Slater, Phya. Rev., 34,1293, 1929. 
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The magnetic states due to a single electron are represented by the 


Table 1 7. doublet levels. When we want 

to calculate the terms fine tr> 

First s-level 

Second s-level any combination of electrons 

in any two states we have to 


a\ b 1 


a ^ take one magnetic level from 

* each electron and find out 


i -1 

0 0 

i 

mi 

1 

, , Zm 8 , 2 mi and plot them in 

2 2 

the configuration space. Let 
0 us, for example, combine two 

-5-levels in this way, the mag- 


netic states for the two electrons are as shown in Table 17. 

The combinations are 

CL \ (X 2 f Ct i b 2 b i Ct 2 b\ 6 2 

( 1 , 0 ) ( 0 , 0 ) ( 0 , 0 ) (- 1 , 0 ) 
Graphically the results can be represented as follows :— 



% J s 0 


Pig. 5. Slater’s diagram for ^-combination. 


The magnetic state (0, 0) occurs in the two combinations a\ b 2 and 
b 1 a 2 . This is indicated by placing the number 2 inside the circle corres¬ 
ponding to the point (0, 0). Other figures within small circles similarly 
denote the number of times the particular point (M *, Mi ) occurs in the 
combination. It is easily seen that the resultant figure is resolvable 
into two figures, one corresponding to 8 Si-term and the other correspond¬ 
ing to ^o-term. If we take two equivalent ^-electrons, the only possible 
combination is ab( 0 , 0) which occurs only once and gives ^o-alone as 
a consequence of Pauli’s Principle as mentioned in §282. 

We may now take an .vp-combination. The magnetic levels can be 
represented as follows : 

a x (i, 0) bi (- h 0) for s-electron. 

CL% (l> 1), 0), ^ 2 ( 1 ,"“^), I, 0, I, 0)i ft {*“ 1,“~I) 

for /^-electrons. 
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The combinations are: 


Cl i f>2 

o i b% 

a t c 2 

ci\ d 2 

ci x e 2 

«i fi 

0, i) 

(1,0) 

(1, -1) 

(0,1) 

(0,0) 

(0, -1) 

b i a 2 

b\ b 2 

b i c 2 

b\ rf 2 

b ie 2 

bi ft 

(0, 1) 

(0,0) 

(0, -1) 

(-1, 1) 

(-1, 0) 

(-1, -1) 


To indicate the results we have the following figures (Fig. 6). 



Fig. 0. Slater's diagram for ^combination. 


We see that the resultant figure is due to the superposition of 3 P 
and tP-states. 

When we consider the case of two non-equivaieni p electrons we get 
36 combinations which can be plotted in the configuration space as shown 
in Fig. 7. The magnetic state (0, 0) occurs six times and (1, 0) thrice; for 
others this can be easily verified by actually writing down all possible 
s m* and values for various combinations. The figure is clearly a 
superposition of figures due to 3 D, 3 P, 3 S, *D, *P, ‘S-terms. 

When there are two equivalent /^-electrons the six magnetic states 
a (£»!)> b U»0), c (j, — 1), d ( — £,l), e ( — 1,0), and/*( —1,-1) can be combined 
in fifteen possible ways as mentioned in §326. From Table 12 it is seen 
that the state (0, 0) occurs thrice, (0, 1) and (0,-1) occur twice each, 
and rest of the states occur only once. A Slater-diagram of all these 
combinations can be drawn as in Fig. 8. 

Thus Pauli’s Principle when applied to the 2 equivalent ^-electrons, 
excludes 3 D, 3 S, ^-terms, which appear when two p-levels of non¬ 
equivalent electrons are vectorially added. One can clearly see this by 
comparing figures 7 and 8. From the principles mentioned in this section 
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Slater-diagram of any combination can be drawn and the terms arising 
therefrom can be obtained. Further, in the case of equivalent electrons 



X D 

«•%* s. Slater's diagram for two equivalent jo-electron-combinatlon. 


2 m» and 2 mi plotted in accordance with Paulies Principle always lead to 
the correct terms. In this connection the interesting point to note is that 




702 


COMPLEX SPECTRA 


[XIV 


it is the symmetrical nature of these diagrams which makes them a very 
handy method of calculating optical terms for various configurations. 

328, Calculation of Terms of Highest and Lowest 
Multiplicity with Largest /-Values.— The calculation of terms for 
any electron configuration was first given by Hund* and Slaterf who also 
laid down empirically certain general rules for the comparative values of 
the terms. These rules are: 

(i) Of the terms arising from a given electron structure, the terms 
possessing the highest multiplicity are numerically the largest. 

(ii) Of the terms belonging to the same multiplicity, those possessing 
the highest l are numerically the largest. 

(iii) Terms arising out of a p x . (f , or f x combination are regular if 
x<(2 l + 1) and inverted when x > (2 l + 1). For x « 2 / + J, we get an 
S-term. 

For example we obtain in 

d2 .3p 3p ig iD 1 B. 

According to the above rules 

3F > 3P > IQ > ID >»S; and 3 F 2 > 3 F 3 > 3 F<. 

But, if we take 

6/8 .... 3F 3 p ig iD 

we have 3 F > 3 P > *G > *D > *8. 

But »F* < *F 8 < 3 F<. 

These rules were subsequently deduced from theoretical considerations 
(vide infra). 

We shall now give a simple method of writing down the highest terms 
and the terms with lowest multiplicity and highest /-value resulting from 
any equivalent electron structure. 

Let us suppose that there are ^-electrons in a given shell such that 
% <(2 l + 1). Now the mi and m« values of these electrons can be 
arranged in the following manner : 


mi -values 

m H -values 

(1) /, 

. i-v+1, . . . 

. . —/+ 1, —/. 

* 

““ T 

(2) l, l- 1, . . 

. . 1-V+ 1, . . . 


* 

-* 

(8) l, l- 1, . . 

. . 1 —v 1, . . . 


i 

-i 

(in i-i,! 

. . l~v+ 1, . . . 


i 

-4 


♦ F. Hund, Zb. /. Phys., 33, 345, 1325. 
f J. C. Slater, Phys. Rev., 28, 291,1926; 34, 1293, 192ft 
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Evidently, the highest m* -value will be obtained for the *th electron 
when all + £ values are added together, i.e, \z will be the maximum m 6 - 
value for resulting terms. In order to get the highest movable for these 
^-electrons without violating Pauli's Principle we have to bike the sum of 
all the m r values beginning from the top left-hand corner of the above 
arrangement. Thus, for the highest term : 

2m* =* x/2 and 2m/ = 2 (Z—v+!)»(/+1) z — ----- .... (11) 

v = 1 J 

The rule for obtaining the lowest multiplicity term with the highest l- 
value would be to take m*-values alternately -H and — 4 . Thus m*- 
values would be alternately 0 and £ according as z is even or odd. The 
maximum m/-values would be given by following equations : 

2 m; = lx — % (z/2 —1) . . . z even ) 

A 1 .... (12) 

and 2 mi — Iz — (—g—■ J . % odd J 

In the following table we give the highest and lowest multiplicity 
terms with the largest /-value for p, d and f equivalent electron con¬ 
figurations. 

Table 18 . 


Term 

p-sheli 

rf-shell 

/’-shell 


1 2 3 

1 2 3 4 5 

1 2 3 4 5 6 7 

Max. ) 

Multiplicity j 

*P 3p 4g 

2D 3F <F 3D «S 

2 F 2 H «I *1 «H 7 F 8 S 

Min. \ 

Multiplicity j 

2P ID 2 D 

2D >G 2 H »I 2 I 

2 F il 2 L ‘N 2 0 *Q 2 Q 


Without the use of the above formulae we may obtain the highest 
terms by a scheme which is exactly equivalent to the process involved in 
their derivation. It runs as follows: 

Write down against the mrvalues successively 1,1- 1,.. and 

for the m«-values -H as far as consistent with Pauli's Principle. Then 
obtain 2m, and Smi. For d and f electrons the formation of highest 
terms is illustrated in the Tables 19 and 19a. To obtain the highest term 
corresponding to any particular number of equivalent electrons, start from 
left and add up all the m, -values in the successive vertical columns to the 
right until the column corresponding to the particular value of x is 
reached. The result is 2 m*. Similarly, find 2 m/ . The 2 m* and 
2m r values give respectively the s and l values for the highest term 
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corresponding to this configuration. Thus for d 3 , 2 m a » f, 2 mi =» 3, which 
give 4 F as the highest term. 


Table 19.—The highest term for tf-configuration. 



Table 19a.—The highest term for f x -configuration . 



Similarly, to obtain the terms for p, we start from the left and add 
-values till we reach the vertical column with the number 4. We 
obtain Zm, ** 2, 2 m* «■ 6. Hence p has & I as the highest term. When 
/+1, 2 mi —0, and we get S-term ; when $> (2 l -f 1), we have to put 
m 9 «* — i, and the terms reverse. 
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329. Equivalent Electrons in //-Coupling.— We shall now 
show that even when the extreme type of non RS-coupling, ■*>., the 
//-coupling holds, we obtain from any electron-configuration the 
same number of terms as in RS-coupling with the same distribution 
of inner quantum number amongst them. We illustrate it with 
respect to the rcp 2 -combination. We can no longer use the strong 
field magnetic quantum numbers m 8i vii but should use j and m. 
The six-states of a p-clectron are now given by 

y-4 _yn [ _ 

a b c d t / 

m -4 I \ 2 -2 

We may now apply Pauli's Principle in the following way: 

(1) ii^i, /2 ~^ ; iu such a case, since both j’s arc the same, we 
must have the in’s different. Hence the only possible combination is 


ab ... M — 0 ... we have a term X 0 . 

(2) ji =* h yj 2 = I ; iu this case, since the j’s are different, the 


have any value. 

The combinations are 

ac . . . M = 

2 be . . . 

M = 1 ' 

ad . . . = 

1 bd . . . 

= 0 

ae . . . — 

0 be .. . 

= -l 

af . . . = - 

-1 bf . . . 

= — 2 . 


(3) /i = 1 , /*2 = I ; here again Pauli’s Principle would be 
operative. We have the following combinations :— 

ed re cf de df vf 

If- 2 10 0-1-2 

Hence J — 0, 2. 

We thus obtain the following terms : 

( P^ Pj. ) • • • 0 

( P £ P* ) ... 1 , 2 

( Pa Pa ) • • • 0,2 

2 2 


We thus obtain, as in RS-coupling, 5-terms with the same distribu¬ 
tion of ./, but we can no longer talk of singlets or triplets, and 
the relation S P 0 - 3 Pi: s Pi - 3 P* =1: 2 is no longer fulfilled. 

We pass from RS-conpling to ^'-coupling in a »p 2 -combina- 
tion, as the charge increases, as is shown in Table 20. 
Here the singlet and triplet S, P, D terms and their separations 

r. so 
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are given for elements in the periodic table having electronic 
configurations wp*, where n— 2, 3, 4, 5 and 6. It will be seen that 


Table 20.—The S, P, D - terms* for elements having 
up* -configuration. 


n 

\ RS-wp 2 

Elenient\ 

*P 0 3 P, 3 P 2 j D, >S 0 

2 

c 

908783 90863 5 90836 80686 69231 

li-8 27'5 10150 11455 

3 

Si 

65765 0 05687*94 65541-86 5946633 503709 

77-06' 146-08 6075'5!1 9095'43 

4 

Ge 

65558 65001 64148 58433 49191 

557 853 5715 9242 

5 

Sn 

59192 0 57500 55764 50578‘5 42029 0 

1692 1736 5185-5 8549'5 

6 

Pb 

59821 52004 49173 38365 30365 

7817 2831 10808 8000 

2 

N+ 

238849 238799 238716 223531 [147118] 

50 83 15185 

3 

0++ 

444661 444545 444352 424385 401472 

116 193 19967 22913 


as n increases, the deviation from the ideal rule of triplet separation 
gradually increases. This indicates that the coupling is passing 
more and more to the (i/)-tvpe. The figures in italics denote 
differences between preceding and following terms. 

330. Quantitative Term Formulae.—In the foregoing sec¬ 
tions, we have only dealt with the laws which define the existence and 
quantum characteristics of spectral terms arising out of any electron 
configuration. In the present sections we shall discuss how the 
term-values, multiplet-intervals, distances between different multiplets 
etc., can be calculated when the electron-structure of the atom is 
given. 

On the basis of the orbital theory the problem of calculating 
term-values could be solved exactly only in the case of the H-atom. 

* Data for C, Si, Sn and Pb are taken from Goudsmit and Bacber 
Atomic Energy States (1932). 
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With certain assumptions, the orbital theory was in a position to 
throw some light on the characteristics of spectra of alkali elements 
as described in Chap. VIII. But this seemed to be the limit of the 
capacity of the orbit-theory, which failed to elucidate even the 
next simplest problem, vis., that of He as described in §279. 

This failure is partly to be ascribed to the earlier conception 
that the electron is merely a small sphere of electricity. But the situa¬ 
tion changed completely with the hypothesis of the magnetic electron. 
With the aid of this hypothesis it was possible to explain the pheno¬ 
menon of duplicity as well as the general features of complex 
spectra. But a new era in atomic physics was introduced with 
the rise of quantum mechanics and its successive phases of 
development, i.e., matrix mechanics of Heisenberg, wave-mechanics 
of De Broglie and Schrodinger, and Dirac’s relativity quantum 
mechanics. Though it is felt that problems of atomic physics 
require a new formulation of mechanics and though with the 
recent developments, some progress has been made, it is even now 
doubtful whether the system has yet received a final form. A 
detailed treatment of the problems of atomic physics on the basis of 
new mechanics * is outside the scope of the present work. In the 
present section, we confine ourselves only to general treatment 
based on the picture of the ‘ magnetic electron.’ 

The General Energy formula and T-Factors. 

The energy of an atom can be written in the form (see p. 554) : 

~E = 1 y(A ~. V a 2 (^-Q 2 /_1_3_\ 

Rhc II ^ n? m a U+i 4 m> 

+ 1W (l, »<) + 2 Win Si,) + 2 W (Is In) + 2 TF(s.- In) . (13) 

The expression can be analysed as follows:—The first term 
represents the sum of the energies of the electrons regarded as point 
charges moving under a charge Ze, wnich is partly compensated by 
the screening a 1 ’ due to the shells of electrons both internal and external 
to the electron. The electron occupies a shell having the total 
quantum number w=*n,-. The second term is due to relativity correc¬ 
tion. It is to be noted that the two screening constants are not put 

* For a comprehensive account of the treatment of problems of 
atomic physics on Quantum Mechanics, the following books may be 
consulted: Smekal, Qrnnten theorie . articles by Bethe, Hund and Mott; 
Wave Mechanics by Frenkel, 1, % and 3 (Oxford University Press). Dirac, 
Principles of Quantum Mechanics , 1930. 
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equal. The third term represents interaction energy between the spin 
and /-vector of the electron. The fourth term represents the spin 
interaction between the i 4 * 1 electron and other electrons (A) of the 

•f Vi 

system. The fifth term represents /-interaction energy of the * 
electron and other electrons (A) of the system. The last term repre¬ 
sents interaction energy between the spin of the electron and 
/-vectors of others (A). The summation is to be extended over all 
the electrons of the system. W (st h) the interaction energy between 
the spin of the i^ 1 and /-vector of the ifi 1 electron can be neglected 
in certain cases as it varies as (Z-sY as mentioned on p. 555. 
The value of a* depends on the inner electrons forming the 
closed shell, as well as on the electrons in the outer incomplete 
shell. On the other hand, closed shells do not contribute to 
W (li si) or other interaction energies as for them 2 $*=(), 2 /a= 0 
and the resultant J = 0. These energies depend entirely on the 
electrons in the incomplete shells. 

For a single electron (alkali elements), it has been shown that 

W ( li s t ) = a li si cos (U s t ) .(14) 


or since h = 0, the subscript i can be dropped, the total interaction 
energy becomes 


W = a Is cos (As*), 


where a 


like a 2 (Z- a 2 ) A 
~~ n r l (/+£)(/+!) 


(15) 


as already given. 

For the case ot a single electron it has been proved that we get 
doublet levels. The doublet separation is just equal to this inter¬ 
action energy and if it be denoted by y, we have 


Y « a l h cos (Is) '.(16) 

However when the external field is sufficiently strong to break the 
coupling between / and s vectors, y can no longer be represented by 
the equation (16). In this case the cosine of the angle between / and 
s is given by 


Hence 


fibs (s l) = cos (.^ IT). cos (/ II) = 

■ > 


m m« 
Is 


Y= a nu nit. 


(17) 


For the two electron case, the interaction energies and term 
values have been calculated in § 277. The vectors for this case 
can be obtained from the general formula for several electrons. We 
now turn our attention to many electron systems. 
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331. Many Electron Problems. —In this case, interaction 
energy terms between the l and 5 vectors of the same electron, vix., 
2 W (si li) can be written out by a generalisation of the formula (14). 
When we have many electrons, a large number of terms will result 
with different multiplicities as explained in §326, but for terms 
belonging to one particular multiplicity the other interaction energy 
expressions in equation (13) except 2 W (/»■ si) will be common for 
all the terms of the given multiplet. Hence for finding the intervals 
in any multiplet we have to calculate 2 W (/, si). This is done as 
follows. We have 

2 W (li sd - 2 cii U Si cos (li si) .(18) 


where the summation is to be carried over all electrons forming 
incomplete shells. 

Now as already explained we have in the case of RS-coupling, 



S = L = 17, 


and 

cos (/,• s,) = cos (It L). cos is,- .S'), cos (L .S'). 


Hence 

Si ) - A L .S’, cos (L .S’) 


where 

A — Iff,- -f . cos (It L) cos (s< 8) . . 

JJ O 

. (19) 

Here as in the case of a single electron we set 



r -1 W (li Si) - ALS cos (LS) .... 

. (20) 

Since 

.... , r AJ+D-UL + l)-8(S+1) 

cos (Lo) ^TjS 


we have 

r = [J(J+1)~ L(L+1)~ .Sf.S'+l)) . . . 

• (21) 


There will be as many T’s as the number of component terms, and 
this again is equal to the number of J-values. Here the 17-value 
denotes the separation of the various levels of a given multiplet from 
a hypothetical centre, which is obtained when we neglect the inter¬ 
action energy between l and s vectors of each electron. 

We shall now find an expression for the strong field F-values. 
In the former case, we put 

cos (li si) = cos (/,• L). cos (si S). cos (LS) 

In the case of strong fields the coupling between S and L is broken 
and each of them precesses independently about the external mag¬ 
netic field-axis JET, so that we have 

cos (LS) — cos (SH) cos (LB). 
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Now from (20), we have 

M M 

T - ALS cos (LS) = ALS -j~ = AM, M L . . (22) 

Interval Rule 

Let r, denote the T-value for a term with a given /-value, which 
is equal to | S+L \ . Then it is easy to see that 

^max 

E (2,7+1) Tj - 0.(23) 

%) 

min 

i.e.s if we assign to the term with the inner quantum number J the 
weight 2J+1, then we obtain for the C. G. of the terms r = 0, Hence 
r denotes the distance of the term from the C. G. of the multiplet. 

Again from (21), we have 

IW» -T {j) = A(J+1) .(24) 

i.e., the interval between two successive terms is proportional to the 
larger ♦/-value. 

This is Lande's interval rule and the extent to which it holds 
can be taken as a criterion of the validity of the RS-coupling. A 
few examples of the interval rule are given in the following table. 

Here the symbols (01), (12), (23).denote multiplet intervals 

between terms having j = 0 and 1, j = 1 and 2, j = 2 and 3. 

The observed intervals are given in different columns and interval 
ratios calculated from them are shown in the last column. 


Table 21.—Interval ratios for triplet P, I), F, (?, H terms . 


Spec¬ 

trum 

Term 

01 

12 

2 3 

34 

4 5 

56 

Ratio 

VII 

3dHs \ 

3p 

2194 

393*5 





1:1-79 


or 3d 3 j 

3P 








Sell 

3d As 

3D 


677 

1100 




2:3-25 

Fel 

3dHs 

*F 



407-6 

584-7 



3:4-30 

Fel 

3dHp 

3G 




311*8 

388-4 


4: 4 98 

Ti I 

3rf 3 4p 

»H 





3615 

46-25 

5:63 

CrI 

3d<4«4p *P 


163-8 

240-2 




2: 2 93 

Fel 

3d*Ast 

S D 

900 

184-2 

288-2 

4160 



1:204:3-20:4-62 

Fel 

3dHs 

6F 


168-9 

257-7 

351-3 

448-5 


2:3 05:416 : 5-31 

Ti I 

ZdUs.iptQ 



98-4 

130-5 

161-4 

191-2 

3:3-97:4-92 : 5-82 

CrI 

3d & ip 

»p 



81-4 

112-5 



3:415 

Fel 

3d«4s.58*D 


1304 

198-9 

271-3 

347-6 


2:3-05:4-16:6-32 

CrI 

3d*As.Ap J F 

396 

78-5 

116-8 

153-6 

1890 

329-9 

1:1-98:2-94:3-87 


1 








4-77:5-62 
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332. Permanence of T-Values and r-Sum Rule.— Let us 

now arrange the T-values for a 3 D-term in the following table for weak 
and strong fields, the T-values for weak field have been calculated from 
equation (21) and those for strong fields from equation (22). It is seen 


Table 22. — T-values for a *l)-term. 


m 

— 3 

-2 

-1 

0 

1 

2 

3 


3 = 3 - 

2A 

2 A 

2 A 

2A 

2 A 

2 A 

2 A 

WQ 

WH 

3 - 2 .... 


-A 

-A 

- A 

- A 

-A 


; - 1 . • • • 



-3 A 

-3 A 

-3 A 




sr 

2 A 

A 

-2 A 

-2 A 

-2 A 

A 

2 A 


m s = -1 . ... 

= 0_ 

2A 

A 

0 

0 

0 

-A 

0 

-2A 

0 

0 


si 

- 1 .... 



-2 A 

- A 

0 

A 

2A 



that the sum of T-values corresponding to a given value of m is the 
same for a strong as well as for a weak field, as was first pointed 
out by Lande. It is analogous to the ^-Permanence rule given in §324 
and is known as r -Permanence Rule. 

The r-suM Rule 

Goudsmit formulated another rule for T-values analogous to the 
#-sum rule mentioned on p. 689, which states that for a number of 
optical levels resulting from a given electron configuration the sum of 
T-values for the same m-vnlue is independent of the field strength. The 
T-sum is also independent of the coupling scheme provided we take 
the sum for different terms arising out of a given configuration over 
the same /-value. This can be illustrated by table 23 in case of 
a /^-configuration. The T-values for (j/>coupling can be very easily 
calculated in the present case. The /-values are either £ or \ giving 
Y* equal to ia or —a respectively. The sy< values for the different 
combinations of j\ and j 2 are shown in the middle columns. For 
Russell-Saunders* scheme of coupling the T-values for the entire 
configuration in terms of T-values for individual electrons are not so 
easy to be calculated. Only in the case of two electrons we can 
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do it successfully, for the mean value of cosines occurring in equation 
(19) are known and given by 

fi -L cos (., s) ~ *!(*, + !)+*(*+O-stfo+l) 
s v ' 2 s(s+l) 

„„,i l\ „„„ /i j\ _ ii(/i + i)+l(l+i) — 

and / cos (f, t) - 21(1+1) 

With the help of these cosine values we can calculate the factor A in terms 


Table 23. — T-values for a p*-configuration. 


of a. The results are 
shown in the lower part 
of Table 23. 

333. Applica¬ 
tions of T-sum 
Rule and T-Per- 
manence Rule.— 

(A) P-VALUE FOR 
MORE THAN TWO 

Electrons. — As 
pointed above the 
F-values for the case 
of Russell-Saunders 
coupling cannot be 
calculated directly for 
more than two elec¬ 
trons. Indirectly, 
however, we can find out the value of for J 1 such cases with the aid of the 
above rules. Let us take for example the /^-configuration. The terms are 



2p 


hi 


2D i i 


<s» 


r( 2 P0- 


Table 24. 


i.e., we have 1 level with y = }, 3 levels with j =»f, 1 level withy**}. 

We have therefore to find out five quantities out of which the one 
for the 8-term is zero, because it is single. Let 

*-r( 2 D § ), y ~r( 2 D f ), and p - r( 2 P*), q 

Here r( 2 D^) denotes the revalues for the 

2 D-term having y — }. The other symbols have 
similar meanings. The magnetic states and 
the Y-values for a single p-electron are given in 
table 24. We have to take 6 C 3 = 20 combina¬ 
tions of each of these states a, 6, c, .. 

taking three at a time and find out the 
P-values for each combination. These are 
shown in the last column of table 24 a. In this 
table we have also collected together Ms , Ml and 


Comb. 

m 8 

mi 

- Y 

a 

i 

1 

}a 

b 

i 

0 

0 

c 

i 

-1 

-i a 

d 

-i 

1 

-in 

e 

-i 

0 

0 

f 

-i 

-1 

in 


Jlf values, With the help of table 24a we now write down in table 25 the strong 
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field ]?-values for the same ^/-values in the same column and put the 
corresponding unknown T-factors for weak fields below the M'&. The 
use of the T-sum rule will give us a set of equations 

®=0, x+y+p=*0, x+y+p+q=0 
Ultimately we are left with the equation y+p— 0. 


Thus the problem cannot 
be completely solved as the 
number of equations is insuffi¬ 
cient for determining all the 
variables. We have y+p= 0, 
but no second equation con¬ 
necting y and p. But it has 
been found experimentally 
that y as well as p— 0. Ac¬ 
tually small separations arc 
obtained inp 8 2 Ds | and in 
p s 2 P^ | and they are due 
to other coupling factors. 

The best example of the 
calculation of T-values from 
these rules is afforded in the 
case of d x shells. (For d H , 


Table 24a. 


Combination 

Ks 

M h 

M 

r 

1. 

abc 

a 

S 

0 

£ 

0 

2. 

abd 


2 

.1 

•i 

0 

3. 

abe 

•i 

1 

1 

\a 

4. 

abf 

\ 

0 

i 

a 

5. 

bed 

5 - 

0 

* 

— a 

6. 

bee 

h 

-1 


-*£a 

7. 

bef 

i 

1 -2 

_.1 

T 

0 

8. 

ede 

._ 1 

T 

0 

_ 1 

2 

— a 

9. 

cdf 

— k 

-1 

_ a 

i 


10. 

def 


0 

_a 

— $ 

0 

11. 

acd 

1 

i 

a 

a 

— %a 

12. 

ace 

~ \ 

0 

1 

— S' 

0 

13. 

acf 

\ 

-1 

~ 2 

ia 

14. 

aae 

~ 1 

2 

£ 

0 

15. 

adf 


1 

* 

{a 

16. 

bde 

_ 1 

V 

A 


-\a 

17. 

bdf 


0 

_ 1 

'1 

0 

18. 

cef 


—2 

-1 

0 

19. 

aef 

-i 

0 


a 

20. 

bef 

_ 1 

* 

-1 

—i 



see Goudsmit, Phys . Rev.> 13, 946, 1928.) 


Table 25. 



F. 90 
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(B) Proof of Interval Rule. 


Table 26. We shall now show that 

X M 

2 

l 

0 

-1 

-2 

111 UUU CROC til X -bdlllB 

the Interval Rule of 
Land6 can be deduced 

1 

0 

0 

0 

-1 

\a 

0 

0 

1 a 
—ia 

-fa 

la 

0 

-ta 

— %ci 

1 

lO!t- 

O ft Si 

0 

ia 

with the aid of the above 
0 rules. We need only 

find out the absolute 
Pny values of the term in ter- 

53 S vals in terms of the 

zr 

\a 

0 

— a 

0 

+ ha 

factor ‘a . Let 

r( 3 p 0 )=*, r( 3 Pi)=?/ 
T( 3 P 2 ) = * 

i-2 

;=l 

i-o 

X 

X 

y 

; 

y 

X 

✓V 

vV 

y 

% 

fcatjQ denote the V -values of 

the 3 P-ter ms. In the 

present case we have to 
take 6 C2 ss *15 combina- 


tions of the magnetic states and T-values given in Table 24. Such 
combinations of two states are shown in Table 12. The final arrangement 
of T-values for strong and weak fields are given in Table 26. 

Hence by applying these rules, we obtain from the above table the 
following three equations : 


x =a/2, */4-£=0, x+y+x = —a 

and we have T ( 3 Po) = = —a, T ( 3 Pi)=iy =* —a/2 and V ( 3 P2)= r £= B a/2 
v ( 3 P 0 ) * v 0 -fa, v( 3 P x ) = v 0 -Ha, v( 3 P 2 ) • v 0 -£a 

We have further v 0 - .?>. 

o+d+1 


i.e., the C. G. of the terras is v 0 . Hence the total 
A v=r( 3 P 2 )-r( 3 P 0 )»3a/2 

Plotting the values of r( 3 P 2 ), r( 3 Pi) and T( 3 Po) as in Fig. 9, 


i\ 3 p,)- r( 3 P 0 )-i« _itf P ) 

T( 3 P 2 )-T( 3 Pi)-a ‘‘. 

which gives the interval ratio a l^[ r,(*p) 

A 3 P 2 , : A»Pi, - 2: 1 

(C) Occurrence of Inverted Terms r «( 3p ) 

With the aid of these rules we can lig * 


prove why terms in a p 5 -configuration are inverted, i.e., P» > Pi . We 
have from § 224 . * 

for p..,. , P fc v-v,+«{*P lk v.-n-‘V2 • • • • • (25) 
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When we take a ^-configuration, the combinations as well as m and y 


values can be easily cal¬ 
culated with the aid of the 
principles just mentioned. 
The working is shown 


Table 27. 



Combination 

M, 


M 

r 

in Table 27. 

abode denotes the 

abode (— /) 

1 

i 

I 


addition values Sm/ 

abcdf (— e) 


0 

i 

0 

as given for the states 
a, b y Cy d, e in Table 24. 

ab c e f (— d) 

l 

‘i 

~i 

- \ 

ka 

(— f) denotes that the 

abd e f (~c) 

_j_ 

l 

J 

•I 

\a 

summation gives the same 
value for M and T as 

a o d e f ( — 6) 

-■{ 

1 o 

-1 

0 

for f with the signs 
reversed. The reader can 

b c d e f (- a ) 

i 

i 

~i 

X 

T 

— $a 


easily compare. Now the p-values can be displayed as in Table 28. 


Table 28. 


""'C M 

M. " \ 

1 

t 

-i 

-i 


M. = * 

M, = -i 

— 4 a 

0 

\a 

i a 

0 

— \ a 

STRONG 

FIELD 

zr 

-* a 

i a. 

i a 

k & 


i=4 

= 1 

r(*P|) 

IX*Pf) 
T(*PO 

n*P|) 

iW) 

(r*p*) 

WEAK 

FIELD 


Using T-permanence rule we get from the above table 

IVP, )=-a/2;r( 2 P i )+ r( 2 P ? )=«/2 

Therefore P( 2 Pi)=a 

Hence 2 P^ =v 0 -a and 2 Pj =v 0 + «/2.(26) 

Comparison of (26) with (25) shows that now the terms are inverted. 

(D) Calculation of Screening Constants. 

The absolute value of the total separations as calculated with the aid of 
the above rules help us to evaluate the screening constants for hydrogenic 
orbits, provided we know the observed value of the total separations. Of 
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course, as usual the RS-coupling should hold good. Such total separa¬ 
tions can be obtained readily from spectral term data of the element under 
consideration. The calculations may be performed as already indicated 
for two-valence elements in § 277 and § 280. In Table 29 we give the value 
of ‘a 1 and the screening constant or for elements having a p* -configuration. 


Table 29.—rvalues far elements with p x - configuration . 


Configura¬ 

tion 

Element 

Term 

Absolute 

Total 

Separation 

Observed 

Total 

Separation 

a 

0 

P 

5B 

2 P 

la 

169 

106 

2432 

V 2 

6C 

3p 

la 

42-3 

282 

2*720 

pZ 

7N 

2 D 

0 

— 

— 

— 

p< 

80 

3p 

la 

226 

1506 

3*812 

p5 

9F 

2 P 

la 

410 

273-3 

3*214 

P 6 

10 Ne 

*S 

0 

— 

— 

— 


(E) Calculation of Multiplet Separation. 


We give now one more illustration of the use to which these T-rules 
can be put. If Russell-Saunders’ scheme of coupling is valid we can cal¬ 
culate theoretically 

Table 30.—Multiplet Separations for d -configu- fche separat j ons ^e- 

rations . . u . , ‘ 

tween multiplet terms. 

The method adopted 
is to obtain weak 
field revalues for 
component' terms of 
different multiplets. 
These T-values can 
be obtained in terms 
of ai for a single 
electron which can 
be nume r icall y 
found out with .the 
help of formula (15). 
The difference be¬ 
tween the revalues for different terms of the multiplet corresponds to the 
required multiplet term separation, which can be easily calculated. 


Term 

Ti + ^-Configuration Multiplet— 

Obs. 


Separations 


Cal. 

\ 

4 F 

Notobs. 

128*37 

103-41 

75-84 




138 2 

103-6 

74T 

3205 

4p 




122-29 

44-4 





74-1 


2 H 

97 82 

* 





(97-8) 





2 G 


120-46 

120-0 




2 F 




-5989 

-51-8 


j 

V i i 

\ i * * i 
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Spectrum of Ti+ has been thoroughly worked out by H. N. Russell* 
and affords an excellent example to show an agreement between observed 
and calculated multiple! term separations. The observed and calculated 
separation are tabulated in Table 30. 

334. The Separation Factor A. —The factor A defined by 
equation (19) is called the separation factor. It is of a fundamental 
importance. From a knowledge of it we can easily find out T-values 
and vice versa . For convenience of calculation it is better to express 
it in terms of a*. We will now give ready methods of evaluating 
this important factor in terms of « t *. The methods of obtaining A 
can be divided for three types of term: (i) Highest term for equivalent 
electrons, (ii) Any equivalent electron term, (iii) Non-equivalent elec¬ 
tron terms. We will take them one by one. 

(i ) Highest term for equivalent electrons .’—According to the Pauli- 
Principle 2(2/4-1) electrons are required to fill up an/-shell completely. 
But if there are only ^-electrons such that z< (2 /+1) in the /-shell, their 
mu . m § i values can be displayed by the following scheme : 


0) H 1(1-1), *(/-2) 
(2) H *(*-2) 

• ' ! i 

« i i 

! ' 

< I - ; 

• i 


£ (£—v+t) 
£ (/—v+1) 


(*) H £ (£-1), H/-2).(/—v +1) 

r = s y i = s n i m “‘ 


-£(£-1), -■! I 
-£(/-!), -I l 


-l o-i). -i / 


- D i« 0-V +1) - f (/ — -*2- 1 ).(-27) 

V—1 

Further Y ^ A. M s M L 

where M s = S — x/2 ; = - wi/ = ^ j 


These il/.s* and A/jr, values are for maximum multiplicity as shown in 
§328. 

Hence T - Ax. .(28) 

Comparing (27) and (28) we get 

Jx-a, A~~ . (280 

It is to be noted that equation (28') gives the separation factor for the 
highest term in the case of equivalent electrons alone. 


f H, N. Russell* Astr. Jour., 86, 283, 192. 
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(ii) Equivalent Electrons.— In § 833 
]?-values for terms due to any equivalent 

Table 31. 


Configuration 

Terms j 

. 

Total 

separation 

A 

p,-p & 

2p 

f a 

a 

p 2 >-p* 

3p 

| a 

£ a 

±p 3 

2 D, 2 P 

0 

0 

d,-d° 

2 D 

$ a 

a 

d\-d* 

3p 

i o 

k (i 

3p 

5 - a 

y a 

d 3 ,-di 

4 F 

i a 

.T 

4p 

t <*> 

a (l 


2 H 

!i n 

A- a 


2 G 

V & 



2 F 

— a 

— A a 


2 D) 

2 d; 

A n 
s a 

A a 


2 p 

a 

t 0/ 

d\-d « 

5 D 

i a 

i a 


3 H 

kh a 

T?> a 


3 G 

Vis a 



3 F\ 

3 f) 

iV a 

tt a 


3 D 

fV a 

— tV a 


sp. 

•I a 



3 pj 

{ a 


All 

0 

0 


we gave a method of obtaining 
electron configuration in terms of 
the quantity a , and emphasised 
their importance subsequently. 
It will be our aim now to 
show that the determination of 
T-values for different terms 
amounts to the determination 
of the separation factor A. It 
was shown before that 

We see from the above 
equation that if we divide out 
calculated multiplet separation 
obtained in terms of a by j, 
we will obtain the value of A. 
Thus, in a p 2 -configuration, 
it was found that 

r( 3 p 2 H r( 3 PiH-*a 

( 3 p 0 )=-« 

Thereforer ( 3 P 2 )—r ( 3 Pi) 
=a=2A. Hence A — k a 

Again, r( 3 P,)-r( 3 P 0 H 
via, Hence A— k a. 

The separation factor A 


may also be calculated from the total separation by dividing it by the 
sum of all thej-values for a given multiplet except the lowest. Thus for 
a/^-configuration the total separation for a 3 P term is $ a 


Hence (2+1 ) A**i a, A=i a 

In this way we can find out the separation factors A from the in¬ 
dividual and total multiplet separations for any group of equivalent 
electrons. In Table 31 the total separation as well as the factor A for 
equivalent/? and d electrons are arranged. Their values have been obtained 
in the manner indicated above. 

(iii) Non-equivalent Electrons .—Our next attempt would be to calculate 
the separation factor A in the case of non-equivalent electrons. This 
is an easy affair for two electrons, but for more than two electrons the 
problem cannot be solved because the value of the cosines involved are 
not known. It is, however, possible to find out the separation factor in 
the case when the electron is added to a group of electrons for which the 
separation factor and the spin and orbital vectors fire known. This is, as 
a matter of fact, equivalent to two-electron problem. 
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Now, let .us suppose that the separation factor, l and s vectors for one 
electron are «i, l\ and s i respectively, and for the other electron or a 
group of electrons these quantities are a 2l 1% and $ 2 . The value of A is 
shown to be 

A = 2 a * cos ^)* 008 ( s i &)* 

The quantum cosines occurring in tliis formula have to be taken constants 
in time. 

The determination of A requires the evaluation of cos (/, L) and 
cos (#i iS) which can only be done provided we know the way in which the 
quantum vectors combine with each other. F< r this reason we will suppose 
in our present derivation that the Kussell-Saunders’ scheme holds good 
so that the component terms of a given multiplet are normal and obey 
the interval rule closely. Thus l x and / 2 combine to give L, and and s 2 
combine to give S which then combine to give us J =» | L+S | . 

Under such coupling scheme 

A = a] -y~. cos (li L) . cos (.si S) 

Jj o 


+a 2 if-. cos (l 2 L) cos (.s- 2 S) .(29) 

The four cosines occurring in the above formula can be calculated as usual, 
so that 

A n Zi(/i -f 1) —^ 2(^2 + 1) &(£>+ 1J -Mi(si +1) — * 2 (*2 +1) 

1 2L(L+ 1) 2 S(S+\) 


I ft £/(X/+l)—Zi(/i + l)+/2(/2+l) S(S+ 1 )—$ 1 ( 6*1 + l) + ^2(‘ s ’2 + 1) /qa\ 

+ “ 2 .* " 2L(L+l) 2.S(6'+1) ' ' W 


In the case of two electrons s x —s 2 =* i and the above formula reduces to 


i , L(L+l) + li(l\ + 1)— /2(^2 + l) 

A “ 1 “ l 2L(L+l) 

L(L+1)+/2^2+1) 4-1) 

+ ' 2L(L+iy * 


(31) 


In general when a electron is coupled to a configuration of equivalent 
electrons as in the formation of some of the neutral elements from their 
ions the separation factor can be easily calculated from formula (30). As 
an illustration of the method we can consider a spark term characterised 
by definite values of l and 5 to which an ^electron is coupled. I 11 this 
case .../ 2 «0, ; L=*l x , S**s x ±b 

* S\ 

For S^si + h A*=>a\ -- - - - - 

* 1 i 


A—a\ 


«i + l 

«i+7 


For 


S-s-i, 
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Similarly, for other configurations the A factors can be calculated in terms 
of known quantities. We will now illustrate the truth of the formula for 
separation factors by taking a concrete example of the spectra of iron 
(Table 32). 

Table 32 * 




Observed A 

The 

Configuration 

i/aicuiaiea 

A. 

From Adjacent 
levels 

From Total 
Separation 

value 
for a\ 

Fe III d* 

5 D A = a, 



exp. 

>120 

Fell d e s 

6 D A - ~ 4 " 1 - 

A =80,81,78,76 

82 

102 


li 

e 

= 125,115,111 

119 

99 

Fe I 

5 D A — ax 

A -104,96,92,90 

98 

98 

d 9 6 D+s 

7 D A-&- 

A ■» 69,68,66,65 

68 

102 


6 D A- 1 4"’ 

15 

= 93,91,88,86 

92 

99 

4 D+* 

S D A _ 

10 

= 105,93,82,43 

(91) 

(101) 


3 D^ = -®' 

= 106,160 

(128) 

(86) 


To start with we will take the simplest spectrum of Fe ++ . The 
normal configuration is d 6 which gives rise to 5 D term. We call the 
A-value for this configuration a\ t When an s-electron is added to d 6 we 
get the spectrum of Fe + and the terms obtained are 6 D and 4 D for which 
A-values have been calculated with the aid of formula (31). In the third 
and fourth columns the A-values from adjacent dnd total separation have 
been put down. The values ofin the last column have been obtained 
by substituting the .4-values of column 4 in the corresponding expressions 
of column 2. Similarly for Fe I the various .4-values have been 
arranged. It is significant to note that the ratio of calculated A factors 
for the multiplets of a given configuration is very nearly equal to the 
ratio of observed .4-values for the same multiples For example 6 D {A ): 
4 D (.4):: 2:3 and 82:119 2: 2*9. Thus the validity of our formula is 
established. It will be seen from the last column that the values of a\ 
calculated from different A-vaJues is not constant This is due to the 
screening produced by the added electron. This might also be ascribed to 
the deviation from the interval rule, otherwise the agreement is fairly good* 

. A-.. 

* Goadanit, Phys. Rev., 31,960, 1928. 
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335. Spectra of Elements belonging to Individual 
Periods. —In the foregoing sections the laws of formation of terms 
out of any electron structure have been described without any parti¬ 
cular reference to any atom or ion. We shall now give a brief 
description of these spectra, choosing only a few representative 
examples. A full description will occupy a big volume, and for the 
knowledge of spectra of individual atoms or ions, original papers 
must be consulted. 

Spectra of Atoms and Ions with /^shells. 

It is clear that spectra can be classified according as the light 
electrons in the normal state form s> p, d or /‘-shells. Some informa¬ 
tion of the spectra of elements and ions normally with their light 
electrons in .s-shells has been already given (alkali and alkaline 
earth elements). We therefore take the elements and ions with 
their light electrons in the p-shell. These are shown in Table 33. 


Table 33.—Normal atoms and ions with 
np x -configurations. 


\» 

71 \ 

i 

2 

3 

4 

5 

6 

r 

5 B 

6 C 

7 N 

8 0 

9 F , 

10 Ne 

9 \ 

i | 

6 C + 

7 N + 

8 0 + 

9 F + 

10 Ne + 

11 Na+ 

2 1 

i ! 

7 N ++ 

8 0 ++ 

9 F ++ 

10 Ne ++ 

11 Na ++ 

12 Ca ++ 

r 

13 A1 

14 Si 

15 P 

16 S 

17 Cl 

18 A 


i 

14 Si + 

15 P + 

16 S + 

17 Cl + 

18 A L 

19 K+ 

3 * 

i 

15 P ++ 

16 S ++ 

17 01++ 

18 A ++ 

19 K ++ 

20 Oa ++ 



31 Ga 

32 Ge 

33 As 

34 Se 

35 Br 

36 Kr 


f 

32 Ge+ 

33 As + 

34 Se + 

35 Br+ 

36 Kr+ 

37 Rb+ 

4 * 

i 

33 As ++ 

34 Se ++ 

35 Br ++ 

36 Kr-n- 

37 Rb ++ 

38 Sr** 


49 In 

50 Sn 

51 Sb 

5f. Te + 

53 I 

54 Xe 


i 

50 Sn + 

51 Sb + 

52 Te + 

53 1 + 

54 Xe+ 

55 Cs+ 

5 ■ 

i 

51 Sb ++ 

52 Te ++ 

53 I++ 

54 Xe ++ 

55 Cs ++ 

56 Ba ++ 


81 T1 

82 Pb 

83 Bi 

84 Po 

85 — 

86 Rn 

«/ 

82 Pb + 

Bi + 

84 Po + 

85 — 

86 Rn + 


M 

83 Bi++ 

84 Po ++ 

85 — 

86 Rn ++ 

87 - 

88 Ra++ 


The fundamental terms arise from np x , x—1 to 6, and the 
excited levels arise from np x - 1 .m% y where and % may be 

s, p, d or fns detailed on p. 722. The terms expected in any atom or 
ions of this group are shown in Table 34. 



722 


COMPLEX SPECTRA 


l XIV 


Table 114.—Terms arising from the np* -configuration. 



Ion 

Atom 

Excited Atom 

X 

Configura¬ 
tion of 
ground 
state 
up *- 1 

s= 

1 

Configura¬ 
tion of 
ground 
state 

tip x 

Terms 

(«+1,2, 
3,4....)* 

I'*/'**'] 
(»<+1,2, 

3,4 ,...)p 

(n+0, 1,2, 
3, 4, . . . . 

1 


>S 

ns 2 up 

2p 

2 S 

2 P 

2 1) 

2 

ns 2 up 

2 P 

ns 2 np 2 

3 P‘D'S 

3>lp 

3,1 (SPD) 

3,1 (PDF) 

3 

ns 2 op¬ 

3 P 

’D 

’S 

ns 2 up 2 

1 

4 S 

2 D 

2p 

<>2p 

2 I) 

2 S 

4,2 (SPD) 

2 (PDF) 

P 

4,2 (PDF) 
2 (SPDFG) 
2 D 

t 

4 ! 

i 

us 2 up 3 | 

4 S 

2 1) 
2p 

i 

ns 2 np 4 

i 

i 

! 

3p 

>D 

‘S 

5l3c 

3.1j) 

3>lp 

6>3p 

3 ’’(PDF) 
3,1 (,SPD) 

5-3D 

3 ”(8PDFG) 

3,1 (PDF) 

5: 

ns 2 tip* 

*p 

’D 

'D 

! 

m 2 tip* 

2p 

4»2p 

2 D 

2 S 

4,2 (SPD) 

2 (PDF) 

2p 

4,2 <PDF) 

2 (SPDFG) 

2 D 

fi{ 

1 

ns 2 np b 

2 P 

ns 2 np 8 j 

■S 0 

i 

3>lp 

3,1 (SPD) 

3-t(PDF) 


Rules of Transitions, 


The general transition rule is that the light electron should change 
its shell so that the / value for the shell should change by A/ — +1, 
± 3, ± 5. 

Al = 0, A/ — ± 2, etc.... arc forbidden. 

Thus terms of column (i or 8 can combine with terms of column 
o, for in the first case the electron jumps from an .s-sliell to a p-shell 
(A/-+1), in the second case from a (/-shell to a p-shell (A/ = -1). 
But terms of column 7, cannot combine with terms of column 5 for it 
reduces to the jumping of an electron from one p-shell to another 
p-shell (A/ — 0) which is forbidden. For the terms themselves A L 
may now be ± 1, ± 2, 0, etc., where L = /-quantum number of a 
term. In addition, the Selection Principle for the/-quantum number 
must be obeyed for the terms . 

From a knowledge of the terms and the rules of transitions we 
cau always predict a large number of lines, but all the predicted lines 
of a spectrum have been obtained in very few cases. The lines * 
due to 0+ + arc given below in a tabular form for illustration. 

* A. Fowler, Proe . %. Sac, A„ 117, 317, 1928, . 
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Those linos correspond to the transition 
2p , *-2p 3s* and 2 p 3s+-2p 3p. 

of the 

light electron 


Table 35. 

—Lines of () + + (v 

in cm~ 0. 


2p 3s 

3p 
* 0 

177336 

? Pi 

177218 

3 P 2 

176961 

»p. 

171513 

?P* 

S Po 

444601 

X 

267443 

X 

273148 

3 Pi 

444545 

267209 

267327 

267584 

273148 

3 p 2 

444352 

X 

267134 

267391 

272839 

'd 2 

424385 

X 

247167 

247424 

252872 

'.S 0 | 

401472 

X 

224254 

X 

229959 

'-’"X, 

153037 

1 

i X 

23581 

23324 

17876 

3 Di 

150728 

! 26608 

26490 

26233 

20785 

3 d 2 

150592 

| 

X 

26626 

26369 

20921 

3 I>3 

150372 

i 

i 

! x 

X 

26589 

X 

? s, 

147030 

30300 

30182 

29925 

24477 

So 

146278 

X 

30940 

X 

25235 

3 Po 

144365 

X 

32853 

X 

27148 

3 P. 

144283 

33053 

32935 

32678 

27230 

3p 

144152 

X 

32066 

32809 

27361 


Primed and unpi nned terms .—It is clear from the above rules, 
that when a number of different multiplets arises from any electron 
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structure, they all have the same combining powers. Thus every one 
of the terms belonging to PP 8 DPS can combine with every one of the 
terms of pd 8 FDP in so far as the rules for the inner quantum number 
do not stand in the way, for A/® 3 -1. Thus pp 3 P can combine with 
pd 8 P giving very strong lines and* this is apparently a violation of the 
selection principle AZ/^O. But the violation is only apparent, as 
the selection principle for the /-quantum number applies to shells 
and electron jumps, and not to terms. Formerly when the ideas 
were not very clear, one such term used to be marked with a dash and 
the other left undashed. Thus the terms arising out of pp would be 
written pp 8 DPS, and those out of pd would be written as 8 FDP. The 
selection principle was modified: For combination between dashed 
and undashed terms, the selection principle is A2>= 0, ±2, 
A L=± 1, 3 forbidden. For combination between dashed and 
dashed terms, or undashed and undashed terms, AL=±1 allowed, 
AZ/= s ±2 forbidden. But there is no longer any need for thus 
making the symbolism unnecessarily complex. 

The Doublet-Separation for Halogens. —The fundamental terms 
of the halogens are np b 2 P» and 2 P$ , where 2 P» > 2 P$ . The dif¬ 
ferences 2 P| — 2 P^ are of considerable interest from the point of 
view of Franck’s theory (vide chapter on Molecular Spectra) of 
formation of alkali chlorides, and were first obtained by spectro¬ 
scopic methods by L. Turner.* They are given below : 

Element F Cl Br I 

Av 409 881 3685 7600 cm 

The Spectrum of inert gases .—The ground state of the inert 
Table 36. gases are up* l S 0 , 

* and so all inert 

U Paschen are diamag- 

a *g netic. The next 

_states are b,c,d... 

4 s-terms aainTable 36 ‘ 

Paschenf was 
10 p-terms th e first to obtain 

12 d-terms terms b 9 c 9 d 9 • • • 

_in the spectrum of 

Ne with their Rydberg sequences up to »«=11 or 12. His notation is 

* Turner, Phys. Rev., 27, 397,1920. 

+ Paschen, Ann. d. Phys , 60,406,1919 ; 63,204, 210, 1920. 


Configuration 

Terms 

(6) wpS (»+1, 2,. .. .)s 


(c) np s (»+1,2,- )p. 

Vdps_ 

(d)«p5(»+0,1, 

I 

Vfdp .. 
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given in the last column. The fundamental lines of Ne arise from the 
transition 2 p c> 1 S 0 — 2p s Ss 3 n P, since A/ ± 1 , 0 , we actually get 
only two lines X P U \ 743 , 5= 1 S 0 - *Pi. These were 

first obtained by Hertz for the case of Ne by means of his vacuum 
spectrograph. 

Metastable states .—If a discharge be passed through Ne and it 
is excited to 2 p s . 3 s 3 P 2 , 3 Po-states, there is no possibility of the 
electron jumping to the lowest state as it is forbidden by the selec¬ 
tion rule for the inner quantum number (A j ~ 0-*0 or 0 -* 2 ). 
Such an atom of neon will have fairly long life of the order of 
10" 2 sec. while the ordinary excited states have the life of 10" 8 sec. 
(vide §304). The atom is also highly loaded with energy. In fact 
the energy contained is about 15 volts. Such an excited atom with 
fairly long life is highly reactive, for when it comes into contact 
with other types of atoms it can communicate its energy by collision to 
the latter and thereby can break them or excite them to higher state. 


Series-convergence. 

Paschen* further noted that Rydberg sequence of the terms 
arising out of 2 p 6 us -combination shows a very peculiar behaviour. 
The terms * 4 , # 6 can be represented by a regular Rydberg formula, 
but the higher terms of s 2 and s* become too small and can form 
Rydberg sequences only when we increase their values by a number 
which is very nearly 782 cm" x . It can be explained as shown on 
the scheme opposite. 

The Ne + ion has two states 2 Pa and 2 P$ . 

When an electron is brought to it and when 
particularly the w-value is high, the coupling 
between l and .$ of the 2 P^ or 2 P» states is not 
broken. Ultimately s 2 , s$ terms become equal 
to s 4 , *6 ~ 782 ( - *P f - 2 P* of Ne+). It 
is a case of (// )-coupling similar vO the example given in §322. 

The coupling in neon in the formation of 2 p 5 (3, 4,... )s- 
shells is thus partly of the j /-type and the interval rule is no 
longer obeyed. The ^-values for the terms are given in Table 6 . 
Note their divergence from Landed < 7 -values. The same holds for 
other inert gases and for the spectra of such inert gas like ions as 
Na + ? Mgt + .etc. 


Scheme II. 



ns ns 


2 , 1 0 , 1 

Si, S 5 .S*2 S 3 


* F. Pascben, toe, cit . 
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336. Spectra of Atoms and Ions with d*ShelIs.-~ As we have 
mentioned in §285 the d-shell begins to be formed from Sc and it 
reaches the saturation value in Ni thus giving rise to the first transi¬ 
tional group of elements. Similarly as a glance at the chart on p. 583 
shows, we have the elements of the 2nd and 3rd transitional groups 
due to the filling of 4 d and 5d-shells. In §284 we have mentioned 
that in the formation of the normal atom there seems to be a sort of 
competition between the 3 d and 4.s*-levels for the capture of the 
electron. But the normal states of the trebly or doubly ionised atom 
is always formed of only//-shell electrons. Tt is therefore convenient 
to start with discussion of the spectra of trebly ionised atoms. As a 
typical example we begin with the spectrum of Ti in various stages of 
ionisation which has been completely worked out by II. N. Russell.* 


Tahir 37.—States of neutral and ionised Titanium. 


Spectrum 

1 A 

i 

1 ** n 

| c c 

Ti+3 

3d.(G.) 

*D 

! (4,5.)«(G >) 

2 S 

i 6,.)p 

2 P 

Tj+2 

3d 2 .(G,) 

;, (FP) MODS) 

(4, 5. )s (G a ) 

V(l>) 

M (4, 5. )i> 

VfKOl*) 

T i+ 

i 

8rf».(0.) 

*(P¥) 2 (PDF) 
2 (GDI1) 

8d 2 (4, 5.)« (G 2 ) i 

4 (pf) 2 (8pdfg) ; 

3d (4, 5,... . w (G,) ! 

2 D 

3d 2 (4, 5,. )p 

*(8PD) 2 (SPD; 
4 0)FG) *(DFG) 
2 P 2 (P1)F) 2 (FGH) 

Ti 

3d 4 .(G,) 

’I) ;1 (PF) ■ 1 (PDFGII) 
i (8I)G) , (SI>FGI) 

3d- 1 (4, 5,.... )s (G 2 ) 
«(FP) a (FP) : ‘(PI>) 
MPI)) • 1 (FGH) 
MFGH) «D >1) 

8d a 4a 2 
’(PF) *(800) 

8d 2 4*.b» 

MPF) s (PF) 
(8PDFG) ‘(8PDFG) 

1 

3d 2 4#4 p 
B (DFG) etc. 

3d 2 4p s 

& (DFG) “(DFG) 
*(DFG) 


a 


...w 

2 D 


3d (4, 5,. 

\ MGFDPS) 




3d 2 <4, 5.)d 

4 (PI)F) *(PDF) 

4 (PDFGH) 2 (PDFGIl) 
“I> 2 (8PDFG) *(DFGH1) 

3d 2 4 sid 

•'(PDFGH) n (PPFGH) 
• 1 (PDFGH) MPDFGH) 
3d- 1 4d .... & (PI)FGH) 


In the above table, the possible electron transitions are given. 
(G) denotes ground state, (Gi) denotes the lowest ground state, G 2 
the next. . . and so on. 


Trebly Ionised Titanium : Ti +3 
The spectrum of Ti +8 is quite simple. The fundamental level 
is 3d 2 D, the next metastable state is 4 s 2 S and we get linesf 
due to 3d 2 D - 4 p 2 P. Sc ++ has the same stmeture, but Ca + has 
4s 2 S > 3d 2 D as discussed in § 284. 


* H. N. Russell, Astr. Phys. Jour., 66, 13, 1927. 
t Also the existence of a strong pair of lines due to the transition 
2 D— 2 F has been observed. It has been found that all the series follow a 
Rydberg sequence nearly. Hence the absolute values could be determined 
in the case of Ti+® spectrum. 
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Doubly Ionised Titanium : Ti+ 2 
Here Russell traced the lines 

(A, B) - (C), C- (A, B). 

where B denotes higher Rydberg sequence terms to B. Thus B is 
3// 4s, and B denotes 3d (5.v, (>.v, Is ,....). The fundamental lines are 
due to (A, BMC). 

A comprises 9 terms, B, 4 terms, and C, 12 terms. All these 
terms have been found by Russell. Here Russell counted term- 
values upwards from the lowest known level, viz,, 3 d 2 3 F, for the 
complexity of the spectrum made the observation of a Rydberg 
sequence difficult. The next higher in energy, but considerably 
lower in term-value is the level 3d 4* 5 D. Thus we have 3 d 2 3 F=0*0 
and *D ~ 38003*50. Hence 3 d 2 > 3 d 4s, and both of these may be 
called ground levels (or 3^/4* is a metastable ground level). All the 
other terms predicted in the spectrum Ti ++ according to the theory 
of Hund have been identified. 


Ionised Titanium : Ti + 


Ti 


Ti 


3d~ 3d 4s 

/\ /\ 

3d 4s 3d 4 


/ 


3d 


4s 3d 

V 


^r»°7 4 ‘ 


r»+(Excited) 3d*4p 

W* 10. 


IjP 4p 


3d4s 2 

2 D 2 *25193 


This ion gives an enormous number of lines which have been 
traced to the transition (AB)—C. A gives 19 terms, B gives 17 
terms, and C gives 45 terms. 

Ground States .—The formation of the ground state now becomes 
interesting on account of the 
competition between the 3d and 
4s-levels. The process can be 
thus illustrated by Fig. 10. Ti ++ 
in the ground state has two levels 
3d 2 and 3 d 4.5 both of which are 
probable and have actually 
been found. When we come to 
Ti + we can get the ground state 
by adding one more electron to either of the two states of Ti ++ . 
Here again the added electron can be either 3d or 4s so that we will 
get three probable ground states, vk., 3 d\ MHs, 3d 4.s 2 . Now 3d*4s 
Rives 4 (FP) and 3d' also gives 4 (FP). As a matter of fact two sets 
of low 4 F and 4 P terms are observed. For one set the values are 
4 F “0,93*94, 225*47, 393*22 cm’ 1 . 

For the other 

4 F =.907*96, 983*80, 1087*21, 1215*58 cm‘‘ 


3d4s4p 
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It is difficult to say which of these two sets arise from 3d 3 , and 
which from 3d 2 4s. Similar difficulties are very frequent in complex 
spectra and a good deal of ingenuity has been displayed in finding 
the proper electron structure for any term. The reader may refer 
to Russell's original paper. 


Neutral Ti. 


The neutral atom Ti also gives an enormous number of lines 
which have been traced to the transition (B~C), A is no longer 
observed. 

Ground State .—The formation of normal levels can be illustra¬ 
ted now as before in 
3d 2 4 s 3 d 4a 2 the case of Ti (Fig. 11). 

Here also we get 
three ground levels 
which are due to 3d 3 4s, 
3d * 4.s* * -combinations. 




Ti 


Ti (normal) 3rf 4 

(noi oU .) 


Ti (Excited) 



3dM* 4 p 


3d 4« 2 4p 


337. Spectra of 
Other Elements of the 
F, s- 11 Transitional Group.— 

The above brief description of the spectrum of titanium is typical of 
the spectra of all ele- 


Fe 


Fe 


/\ 

3d 4* 

3d«^D) /t 1 

3d 

3d, 7 TF) 3d^(®D) 3d*4f 


, 4 

Fe (normal) .3d® j 
Fe (Excited) 


3d 


48 3d 

\/ 


3d 


4 P 

3 jtp 


3d 7 4« 


v 

4p 3d 6 4« 2 4 p 


'M 


Fe 

ments from Sc to Ni as 
well as with certain 
modifications of ele¬ 
ments belonging to the 
II and III transition 
series. We have simply 
to change the index 
of d in table 37 suit¬ 
ably and we get the 
electron structure of 
any atom or ion. Thus 
suppose we want to 

study the spectrum of 14 

Fc in different states of ionisation. We have simply to write out a 
table identical with 37, and increase the index of d by 4 as Fe 
is the fifth element from Ti. We thus get the above picture 
(Fig. 12) of the formation of normal state* of Fe in the different 
stages of ionisation* 


3d 6 4«4p 


3d 5 4« 2 4p 
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The excited states can be written as explained under 
titanium. 

338. Transitional Elements of Groups 11 and 111.— The 

formation of spectra of elements belonging to transitional groups II 
(39 Y to 46 Pd) and III (71 Lu to 78 Pt) is exactly similar to those of 
the first group, except in non-essential details. For example, if in 
Table 37 giving the terms of Ti in different stages of ionisation, we 
increase the quantum numbers by unity, we obtain the terms of Zr 
in different stages of ionisation; if the total quantum numbers be 
increased by two throughout, we should obtain the terms of Hf in 
different stages of ionisation. But the term separations increase 
owing to the larger nuclear charge. 

Ill group II, it is generally found that of the terms arising 
from the compositions 4 d x 5s*, 4d* +l 5s, those due to 4d* +1 5s 
are usually lower. The reverse is the case for group I, except for 
24 Cr; in group II, terms due to 4 d*+ 2 have also been identified, and 
sometimes they form the lowest terms, e.g., in 46 Pd, 4d 10 1 S 0 , . . . 
gives us the lowest term. 

339. Spectra of Rare Earths. —We have previously descri¬ 

bed that the formation of the rare earths may be explained as being 
due to the filling up of the 4/*-shelI, with three electrons distributed 
among 5 d and 6s-shells. The electron structure of the trebly ionised 
elements can be confidently taken to be 4tf x where x varies from zero 
in La to 14 in Lu. The general structure of the neutral atom is 
expected to be 5r/ 2 6.9 or 4 f x 5 cl 6,9 2 . An application of Pauli's 

Principle shows that atoms and ions of this type will have for each 
electron-structure a very large number of levels giving rise to innu¬ 
merable lines. As a matter of fact, the spectra of all rare earth ele¬ 
ments show thousands of lines and it is very difficult to separate the 
lines due to elements in different stages of ionisation though some 
very valuable work in this line has been done by King.* Nobody 
has yet mustered sufficient courage to undertake the classification of 
the lines of any of these elements in the successive stages of ionisa¬ 
tion. A good beginning has been made by Meggers'}" and Russell^ for 


* A. 8. King, various papers in Astr. Jour., 68, 194, 1928; 72,221, 
1930, etc. 

f F. Meggers, Bur. Stand . Joum. Res., 5, 73, 1930; 9, 239, 625, 1932. 
t H. N. Russell, ibid,, 9, 625, 1932. 

IV 93. . ■ ’X ■ 
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La, La+, La ++ and Lu, Lu + , Lu* + (partially). A few other 
elements have also been tackled by other workers.* But anything: 
like a complete classification for any element seems to be far 
distant, though from the experience already gained some general 
observations may be made. 

In the case of transitional elements we have spoken of com¬ 
petition between the 3 d and 4$-shells. In the case of rare earths, there 
is competition between the 4/*, bd, (fa-shells. The 5 d and 6s-shells may 
be taken to be equivalent, but the 4/’-shell is not so, i.e., there can 
be no lines due to the transition of the electron from 5 d to 6s but, 
there may be lines corresponding to the transition from 4f to 5 d 
or to 6.?, all other electrons remaining in their position. This intro¬ 
duces a further complexity, since it is equivalent to the existence 
of allowed transitions even amongst levels arising from the funda¬ 
mental electron structures. Thus fundamental lines are scattered 
all over the spectral region and the lines of elements in different 
stages of ionisation are all mixed up. We illustrate these remarks 
with the following examples taken from Russell and MeggerVf 
analysis of the spectrum of La in the different stages of ionisation. 
Lanthanum may be considered to present the simplest case as 
normally the formation of 4/’-shell just begins in La. 


La+++ 

(4 f)° 



La++ 





bd 2D ! -0 
| 2 D» - 1,603 23 

t * 

l 



fo _ _ 

2 Sj = 13, 590 D76 

1 

. _ 6 />- 

2 P } 42, 014 92 

2 P t -45, 110-64 

-Qd. 

2 »f 

2D * 

82, 37875 

82, 812-51. 


The spectrum of La ++ is seen to be quite simple. The lowest 
levels are given by bd, and 6.? is metastable to it. Let us now take 
La+ 


♦For reference see Reviews of Modern Physics, 4, 417, to 420, 
, 032 . v 

* f Bassett aud Meggers, to#, cil. * 
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Spectrum of La + 

La++— 4/‘-core 

4 f 


731 


5d 6*- bdGp - M 6 d 


bd 1 

3 F 3 

= 000 


! F 3 

= 101610 


3 f 4 

= 197070 


etc. 

etc. 

bd 6s 

2 d 2 

= 1394-46 


3 d 3 

= 259160 


3 d 3 

= 3250 35 


etc. 

etc. 


La+ — 5d 2 -core 
5 d 3 4 f 


bd 3 


bd 2 Ge----bd l 6p - 


4/5 <Z 


4/Bs-4/"6</-4/"6</ 

4/"5^ >G 4 - 16599-17 
etc. etc. 


4/-6« *F 3 = 1577377 
3 F 3 = 1414798 
3 F 3 = 14875*17 
3 F 4 - 15698-74 

Spectuum of La 
La+ —5 d 6s-core 


6s 2 -- 

6s 2 


Lo++ —6 s-eore 

4/6s 

i 

6s5 d 

i 

i 

6 s6jp- 


>8. 


—Os 6 d 
739F57 


4 ft 


2 H 4 -f 5107-25 
3 H 5 =55982 09 


>6 

etc. etc. 


bd 6s if 

i 

i 

5rf 2 6s 


bd Gs 3 - bd 6s Qp 


La+— 6s 2 -core 
6 sUf 


6s 2 5.'i— b.fdp 


The structures giving rise to the lowest terms are 5<Z 2 6s,.... ami i>d 6s 2 . 

Spectrum of Cerium. 

Thus Cc +++ 

Ce ++ 


Let us see what 
will be the spectrum 
of Cc in different 
stages of ionisation. 
We have simply to 
add 4 f to the figures 
of La and work out 
the levels according 
to Pauli's Principle. 

There can be 
other possibilities 
which we may work 
out as in the case 
of La. 


4 f. 6s- 


Ce+ 


Ce 


4/* .6s - 


4/*.6s- 


4f 

Y 

4 f. bd 
-if. 6 p .. 

Y 

if. bd 

-4f.Gp. 

4 f 

if.Gd 

—if.Gp 


etc. 


, etc. 












732 


COMPLEX SPECTRA 


txiv 


The spectrum of Ce has been partly classified by Karlson* 
and he found that the fundamental levels arc obtained from the 
following electron structures: 

4f5d 6s ®) 

4/"5<i® 6s J 

340. Double Electron Transition. —It might have been notic¬ 
ed that in certain cases, two electrons may be simultaneously involved 
in a given transition. Thus take the following transition in Ti + : 

3d 3 *-3d 4s 4 p which consists of the two transitions (3tf«-4p) 
+(3d«-4s). In this case, the 4s and 4 p electrons from the excited 
state 3d 4s 4p both pass to 3 d forming the 3d 3 -state. One transition 
(3d«-4p) is allowed, the other (3d«-4s) is not allowed. Such 
transitions generally give rise to lines which are less intense than 
those observed in one electron transitions. 

The rule of transition may be easily formulated (Laporte): 

2 AU = ± 1 , 3,_etc.(32) 

Here U denotes the /-quantum number of the electrons involved in 
the transition. 


The case of two electron transitions is probably best illustrated in 
the spectruni of Ca, Sr and Ba. We gave a description of the spectra 
of these elements in § 275 and § 284. But besides the lines described 
there, which were shown to belong to singlet and triplet spectra, a 
group of strong lines remained outside the scheme of classification. 

But yet there could not 


Table 38. 

\ As ip 

3 

3p 

34146*9 

3Pl 105 
0<£ 34096 6 w 

3 p 2 

339887 

10887-1 


23207 5 


108398 

23306-9 

23254 

231489 

10753-0 


23341-5 

23235-7 


be the slightest doubt 
that they were connec¬ 
ted with the arc spec¬ 
tra of these elements, 
as some of them could 
be classified under the 
m np 8 P-levels. One 
such set of lines for 
Ca is shown opposite. 

The 8 P C , i, i terms 
(10753-0, 10839-8 and 
10887T cm' *) involved 


in the production of 
these lines could not be identified with any known triplet terms of 


* Karlson, Za. f, Phya 85,482,1933. 
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calcium. Russell and Saunders’" undertook an extensive investigation 
of these and other lines of Ca, Sr and Ba, and arrived at conclusions of 
fundamental importance for spectroscopy which led ultimately to a 
clear conception of the rules of formation of complex spectra and of 
Russell-Saunders coupling. As these conceptions have been introduced 
earlier, the results of Rus- 


The Ca-spcctrum 

Normal Terms j Anomalous Terms 


4s 


-13711 Cm}— 


Ca (normal) ^ 

l S 0 


3d 


3d 


4s 


4p 


4s 4 p 
3,lp 


i4s3dl 

L 3 d>pJ 


\ 


sell and Saunders can be 
easily stated. Ca + , Sr + , 

Ba + have the normal Ca + 4s« 

levels ns (w*4, 5, 6,.... 
respectively) but the 
(n — 1 )d 2 D levels are also 
fairly large, and may be 
called metastablc, as the 
total quantum number Excited state 
of d is smaller. We can 
now conceive of processes 
as shown in Fig. 13 illustrating formation of the states of the neutral 
atom out of the normal (4 s) and metastable 3 d states of the ions. 

Terms lying to the left of the dotted dividing line give rise to 


4 P 


3d* 

3 (FP) ^GDS) 


2d ip 
3 ' 1 (FDP) 
Fig. 13 


the regular singlet- 
triplet spectra des¬ 
cribed on p. { 
The terms to the 
right, which are 
analogous to the 
terms of the com¬ 
plex spectra are 
the anomalous ones 
of which an ex¬ 
ample has been 
cited just now. 
The large d -terms 
dueto4$.3d m D= 


Table 39.—n 3 P ( 


0 > 1 > 2 


values of Ca 


3d* »P 0 ,M 

3d. 4d 3 P 

3d. 5d 3 P 

3d. 6d 3 P 

3d.7d s P 

10753-0 

108398 

10887-1 

7411 

767-1 

7806 

-4999 8 
-4983 6 
-49775 

-83336 

—83131 

-8306-4 

-10086 

-10063 

n 3 Di -values 


3d. 4s 

3 d.bs 

3d.6« 

3d.7s 


28955-2 

11552-4 

65597 

42540 


28963, 27465 cm" 1 may be said to be common to both systems of terms. 

The 8 P 0 , i, % terms just now cited were conclusively proved 
to be due to the 3d*-combination in the following way. 

The arc spectra of these elements were further investigated 
for very faint lines* which can be regarded as forming higher 

* Bussell and Saunders, Astr. Jour., 16, 38, 1925. 







734 


COMPLEX SPECTRA 


IXIV 


Rydberg sequences of the multiplet m 8 P-P 8 . A number of such 
multiplet 8 P 0 , i, 2 -terms were found which combined with 46’. 4 p 
S P 0 , X, 2 of Ca. Their values are given in Table 39. 

The most remarkable thing about these terms is that they 
become negative after n = 4. Russell and Saunders * proved* 
that these terms follow a Rydberg sequence only if a number 
equal to ca 13700 be added to them, when their values approxi¬ 
mate to the 4s. nd 8 D 2 values as shown in Table 39. Now 
the difference between Ca+ 4s 2 8x and 3d 2 Dj is 13711. 

The case is analogous to that of Nc and the example proves 
that the series of 8 P terms arise when the Ca + ion is in the 3rf- 2 D 


state, and a fresh electron is brought to any higher quantum state 
to form the neutral atom. 

With this clue, a large number of terms belonging to such 
electron structures as 3d np , 3d nd ,.... etc. .. . were identified. 
Such lines are more prominent in the spectrum of Ba as the 5d 2 D 
term of Ba + is almost equal to the 6s 2 S-term (Av = 2 S^ 80664*9 — 
*D f 75781*7 =4883*2 cm" 1 ). 

Terms arising out of such structures as 3d M, 3d bp for Ca be¬ 
come negative with respect to the normal term 4.? 2 ' l S 0 . The interpre¬ 
tation is now apparent. These structures are produced when both the 
Talency electrons are displaced, say in the production of 3d 5 d, the 
first from 4.s* to 3d and the second from 4s to 5 d. The total energy 
required to cause this displacement is much larger than the energy 
of ionisation of the atom. Thus though the atom is neutral it has 
got added to it more energy than needed for ionisation. 

341. The PP-multiplets of Magnesium-like Elements and 
Ions.—Multiplets of the kind described in the foregoing section, which 


Table 40.—The 3 PP -‘triplet of Mg. 


\3s 3p 

3 P 0 1 3 P 2 

39813 20 39793 41 39762 

3 Po 


3852 

35941 

*Pi 


3831 

35981 35962 35921 

379$ 

35962 


are due to an electron configuration 
in which two electrons are dis¬ 
placed are not confined * to Ca, 
Sr, Ba, but are quite common in 
other elements. For example, in 
Mg, the normal constitution is 
3« 2 , and the excited levels ate 
obtained when we leave one 
electron in 36, and allow the other 
electron to pass to the higher 


♦The suggestion was put forward almost simultaneously by Bohr 
id Wentzel* Phys. Zeitfi, 94, 106, 1923; 25, 182, lr * 
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states 3 p, 3d,, ... etc. This is the mechanism of production of the usual 
singlet and triplet level, but like Cn, Mg and other iso-electronic 
elements (A1+, Si++,...) show lines which cannot be fitted in the above 
scheme. Millikan and Bowen showed that they arise from the transition 

3s 3 p «- 3p 2 


ie , in the production of these lines, 
both electrons of Mg are raised 
from the 3 s to the 3/?-configuration, 
giving rise to the levels & Po,i>?* 
j D 2 , * 80 , and when one falls back 
to 3s, the lines forming a PP-multi- 
plet are emitted. This is illustrated 
for Mg in Table 40. Millikan and 
Bowen* found that the lines are 
strong and for ions iso-electronic with 
Mg they follow the law of arithmetic 
progression as shown in the 
opposite table. 

The value of the 3p 2 3 P 0 ,i, 2 - 
terms is extremely small, and probab¬ 
ly the 3 p. 4 p-terms would become 
negative. The reason is obvious. 
In the normal condition, both 
electrons are in the level 3s. In the 
3/? 2 -state, they are both transferred to 
3 p. The energy required is almost 
equal to the ionisation potential of 
Mg, for the electron has to go from 
3 s to 3 p twice, for which the energy 
is more than double of that required 
for transition from 3s to 3p. 

342. Inner Transition.—In 

cases where the normal constitu¬ 
tion is ns 2 np x , lines are obtained 
corresponding to the transition. 
ris* np x <~ns np*+ l 
ns np*-np x + 2 


Table 4 L —PP -group of linesf in 
the two-ralence electron systems. 
Mg I to CI VL 


Element 

Xin A.U. 

V 

Mg I 

2777-503 

3600356 


2779084 

35983-08 


2780639 

3596296 


2782-226 

3594244 


2783-782 

3592235 

25727-94 

A1II 

1760 12 

568143 


176196 

56755-0 


1763-95 

56690 9 


1765*81 

56631-2 


1767-75 

565691 

20295-5 

Si III 

1294-52 

77248-7 


1296*73 

771181 


1298 93 ' 

76936-4 


1301-13 

76855*3 


1303-34 

767260 

20050-7 

PIV 

102558 

97506-0 


1028-13 

97264-2 


103053 

97037-1 


103314 

96792-4 


1035 54 

965679 

7 9948-5 

S V 

84925 

117751-1 


852-19 

1173450 


854-81 

1169856 


85783 

116573-3 


860-46 

116216-9 

19942-6 

Cl VI 

72413 

1380968 


727-54 

137449-5 


730-31 

136928-2 


733-89 . 

136260-2 - 


736*76 

1357294 


* Millikan and Bowen, Phys . Rev., 25, 600, 1925. 
f Taken from Millikan and Bowen, Phys. Rev., 26, 150; 1925, The 
1 DS-terms haye not been identified. * \ 
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A number of such lines was discovered by Millikan, Bowen* 
and other workers. As is obvious from the above scheme, 

the outermost electrons are not disturbed in the discharge, as is 
usual in ordinary spectra, but one or more electrons are lifted from 
the inner s-shell to the p-shell. The lines owe their origin to the 
reversion of the excited electrons to the s-shell and therefore such 
transitions may be called inner. One multiplot of this type is 
shown below in Table 41«. 

When we take an iso-electronic 
Table 41a. — Inner Transition system of atoms and ions whose 

for Al. nuclear charge increases succes- 

■ sively by one, the multiplets are 

2Pj 2P$ found to obey the law of arithmetic 

48280 96 48168 9 progression (irregular doublet law), 

_ as in the case of Mg-triplets of 

... 31 1768-95 PP systems, 

v 56530-9 

Spectral lines due to removal 

v O? OF ELECTRONS FROM INNER SHELLS. 
Aliu3*7y Y 17ob ol ill 

It appears that, the phenomena 

described above are quite general, 

and wherever technique has been successfully developed, lines are 

obtained which are due to removal of electrons from some inner shell 

into outer valency shells beyond the outermost shell of the normal 

atom. Thus in the case of Al (normal constitution 3s* 3 p), Paschenf 

obtained lines due to inter-combination between levels arising 

from the structures: 

3s 3p ns , 3s 3 p np , 3s 3p nd 
In such cases, the transitions are governed by the Laporte rule 
2 A k “= ± 1, ± 3, ... etc. 

where h denotes the /-quantum number of the electron involved in 
the transition. 

343. Absorption Spectra due to Excitation of Inner 
Electrons. —The phenomenon is not only confined to emission, but 
extends to absorption as well, as has been demonstrated by BeutlerJ in 

* Millikan and Bowen, Phys. Rev., 26, 160,1925; see also Paschen 
{infra). 

f F. Paschen, Ann. d. Phys., 12, 509,1932. 4 

X Beutler, Zs. f. Phys., 86,496, 710, 1933; 87,19,176,188, 1934. 
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the case of Zn, Cd, Hg, Cs and probably will be found for all elements. 
We illustrate the case with respect to Hg. 

The Hg-atom has got the normal structure 6 .s 2 1 8 o and all the 
lines of normal Hg-spectrum are explained by assuming that the 
Hg + -ion has the configuration M t0 6s and the further excited states 
arise from the coupling of an electron to Hg* 5 d 10 6 s-core in any 
level higher than 6 .v. These terms are all positive. The absorption 
spectrum of normal Hg~ vapour consists of a sequence of lines which 
corresponds to the transition of the electron from the normal 6 s 2 to 
the (j.s* wp-states, the lines being X 2536 ( 6 .s * 2 1 S 0 — 6 s 6 p 3 Pj), 
XI849 ( 6 s 2 1 S 0 ~ 6 .s* 6 p 1 P l ), et< forming the principal series which 
converge at the limit X1188 ; this corresponds to the ionisation 
potential of 10*38 volts. This is followed by a feeble continuous 
absorption corresponding to the photoionisation of the Hg-atom. 
But Beutler carried the absorption experiments further in the 
Schumann region and found a number of sharp absorption lines 
below XI188 one group of which apparently formed a Rydberg series 
as shown below : 

Table 42.—Absorption series in Hg fine to the excitation of 
the od-electron. 

Transitions : M 10 6 s 2 1 8 0 5ri 9 6 s 2 np 1 P i. 

Senes limit: Hg+ 5 d 9 6s 2 2 I)a = 119(592 cm" 1 . 


w 

Absorption 
line X in 

A.u. 

| 

V 

in cm * 1 I 

nx 

Term value j 
referred to | 
iSo-84178 | 
cm * 1 j 

! 

| 

ny—nx+ 1 
*35514 ! 

n. 

6 

130100 

76864 i 

1 

7314 

42828 

1*601 

7 

944 45 

105881 

-21703 

13811 

2-819 

8 

89069 

112272 

i -28094 

7420 

3-846 

9 

86930 

115035 

-30857 

4657 

4*854 

10 

858-38 

116498 

I -32320 

3194 

5862 

11 

! 852-12 

117355 

| -33177 

2337 

6-852 

12 

848-07 

117915 

1 - 33737 

1777 

7858 

13 

84526 

118307 

1 -34129 

1385 

8901 

14 

843-42 

118565 

! -34387 

1127 

9-860 

15 

842 02 

118762 

: -34584 

930 

10-86 

16 

840-97 

118912 

I -34734 

780 

11-86 

17 

840 13 

119029 

-34851 

663 

12-86 

18 

839 60 

119119 

-34941 

573 

1384 

The origin of 

the series 

was traced 

as follows. 

Since the 


lines are due to absorption by normal Hg-vapour, they must be 
represented by the formula 6 s 2 A So -nx. We have now to find out 
F. 93 
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the electron composition yielding the sequences nx. Their values 
are given in column 4. It is seen that they become negative after 
the first term, and hence cannot be due to any electron structure in 
which the Hg*-ion is in the normal state 5d 10 6s. The next 
metastable states of Hg+-ion are 5tf 9 6s 2 2 1)*, 2 D$ and the values of 
these terms referred to the Hg + 5tf 10 6* 2 -term were obtained 
by Paschen* from an analysis of the spectrum of Hg + . Those 
values are given below: 

Hg + 5f/ 10 h.y 2 Sj = 0 cm" 1 . 

5rf 9 6s 2 2 I>* = 35514, 2 D$ = 50554 cm" 1 . 

A reference to Table 42 shows that the war-terms tend to a 
limit which is very nearly equal to 35514 cm” 1 , i.e., to 5d l °6s 
*8j-6rf 9 6s* 2 D|. Hence nx must be identified with a system of level- 
values arising from the configuration 5 d 9 tis 2 up. This is further 
confirmed by the fact that if nx -values be increased by 5 — 35514 
cm” 1 , the term-values so obtained form a Rydberg sequence 
having the series limit 119692 cm” 1 . The ny = {nx + 5)-values 
are shown in column 5, and the n t -values given by n e = Vli/v are to 
be found in column 6. It can be shown that the w?/-vnlues may 
be represented by the formula 

R 

ny in, + a+ ?/«•■)• ' 

The state 5 d 9 6.s* 2 np gives us 3,1 (FDP), and only one of the sets 
w l Pi has been traced.% Beutler found another set of absorption linos 
having the series limit 134732 cm” *. This is due to the transition 
1 S 0 — B P of combination (5rf 9 6.v 2 2 D» ) np, n — 6, 7, 8, .... 
and this arises from the Hg + -ion 5 d 9 Qs 2 2 D.* . The coupling is 
of thejf/-type but we have used the notations suitable for RS-coupling 
for the sake of convenience of description. The result of these 
investigations can now be summarised as follows. When light of 
proper wavelength falls on the atom, they can, if the frequency be 
suitable, act upon the inner electrons and throw them to any one of 
the outer allowed levels. In the present case the act of absorption 
consists in the ejection of the electron from the inner 5rf-level 
to the external np-levels. In a way it may be regarded as an 


w P*?^?n Berl Ber 1928, p. 536; J. C. McLennan, A. B. McLay 
M. F. Crawford, Proc. Roy, Soc. A, 134, 41, 1932. 
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extension of the idea of inner transitions described earlier. 
Similar absorption lines have been obtained in the case of Zn, Cd 
and Cs and probably will be found in all elements. 

Ultra Ionisation. 

it is seen from Table 42 that the amount of energy required 
for the transference of the electron from the 5d-levei to the 6p-level 
falls short of the I.P. of Hg by a very small amount and in the case 
of transference to any one of the higher ^p-levels the energy 
actually exceeds the I.P. Though in such a process the atoms 
do not lose any electron, ?.c., remain normal, its energy content is 
much larger than that required to ionise the atom. A similar 
phenomenon is known in the case of molecular spectra where some¬ 
times the combined energy of the electronic excitation, vibration 
and rotation may be larger than the energy required to dissociate 
the molecule. When such is the case the band lines become diffuse 
and give rise to a phenomenon called Pre-dissociation. 

In the case of Hg-vapour, Lawrence*, by the electron bombard¬ 
ment method found a number of critical potentials which are higher 
than the I.P. of Hg, but less than the energy required for the double 
ionisation. A few such valuesf are 

10 63, 10*88, 11*53, 13*85 Volts .... etc. 

A few of these critical potentials have been identified with 
the process of transference of the 5d-electron to any one of the 
outer valency levels. It appears that the phenomenon is very 
general and Shenstonef has suggested the name Ultra-ionisation for 
it. For details of this subject original papers may be consulted. 

344. Calculation of Term-values, and Ionisation Poten¬ 
tials. — Definition of term-values : The determination of the ab¬ 
solute values of the terms in the case of complex spectra presents a 
problem of some ambiguity. In the case of alkalies, the value 
of a term represents the energy required to take the electron to 
infinity when the atom is in a state which gives rise to this term. 
Thus when we say that 1 

3s 2 S.i of Na = 41448*6 cm* 1 , 


* E. O. Lawrence, Phys. Rev., 28, 947, 1926. 

f A. G. Shenstone, Phys . Rev ., 29, 380, 1927; P. T. Smith, ibid . 37, 
308,1931; R. G. Loyarte and M. H. de Bose, Phys. Zeiis ., 34, 598, 1933. 
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the understanding is (41448*6) cA-ergs or 5*368 electron-volts of 
energy are required to remove the electron which is in 3s -level 
to infinity, or if we write symbolically : 

Na 3s 2 Pj + 5*368 volts = Na++ 0 . 

But applied to complex spectra, this definition of term-values 
becomes ambiguous, unless the state at which the ionised atom is 
left is clearly defined. Thus for Ne when we put the values of 
Ne 2p 6 3s S P 2 5=58 39887*61 cm‘ l > we make the tacit assumption 
that the reference state is Ne 4 " 2p 5 2 P^ and not Ne + 2p 5 2 P$ 9 
Le., Ne 2 p & 3s :, P 2 + he (39887*6 cm' *) «= N e+2p s 2 P| +e . 

But if the reference state were Ne + 2p 5 2 Pi the value of Ne 
2 p 5 3s J P 2 would be 39887*6 + 782 cm' *, as Ne 4 * 2p 5 ( 2 P» — 2 Pi ) 
=782 cm* 1 . 

In the case of Na, there is no ambiguity, as Na + 2possesses 
only one stable state, viz., 1 S 0 . 

The ambiguity, wherever it may exist, may be removed by 
taking the lowest state of the ionised atom as the reference state 
as we have explained in the case of Ne just now. But this leads to 
the difficulty that the values of the terms arising from the meta¬ 
stable state of the ionised atom when referred to this standard state 
no longer satisfy a Rydberg sequence formula. This has already 
been illustrated for Ne, and for Ca, Sr, Ba and this feature is very 
common in complex spectra. 

N.B. —Refer to p. 725 for Ne, where it has been shown that 
the .9*, 6-g-sequence of terms follows Rydberg sequence when 
782 cm' 1 =Ne + 2p 6 ( 2 P| — 2 Pj ) is added to these. See also the 
case of anomalous terms in Ca, Sr, Ba § 340. 

Calculation of Absolute Values of Terms. 

It has been explained in §83, that the absolute values of all terms 
in any spectra can be determined if only the value of one term can be 
obtained with precision. But this again depends upon the possibility 
of tracing a sufficient number of terms forming a Rydberg sequence. 
But this is possible only in simpler types of spectra, for complex 
spectra where hundreds of terms are inyolved, it is very difficult to 
trace terms which follow a Rydberg sequence. In fact in the first 
transitional group, only the term values in the spectra of Cr may be 
said to have been determined with precision by Catalan* and Gieseier.i* 

* Catalan, Phil. Trans^ 223, 127, 1922. 

f Gieseler, Zs. f. Pkys, 23, 228, 1924. 
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This was rendered possible because Cr occupies the middle position 
in the group, and possesses a number of septet terms which could be 


easily picked out as shown below : 

Table 43-—Rydberg sequence in chromium spectrum (Oieseler). 


Con fig. 

Terms 

Config. 

Terms 

3d b 4s 

% 

5454126 

M b 4p 

7p 4 7p a 

31043 24 31155-67 

? P 

31237 2 *09 



:W 5 5s 

1764690 

3d 5 4 4 

7 d 6 7 d 4 

12281-33 12284-Oh 

7 d 3 

12286-27 

7 d 2 

12287 94 

7 I>, 

12289-12 

3</ c 6s 

7 s 3 

8899-22 

3d b M 

7 d 6 7 d 4 

6833-04 6837-49 

7 d 3 

6840 31 

5 i>* 

6842-21 

7 Dx 

6843-51 


Unlike other atoms of this group, 3c/ 6 4* 7 S and not 3c/ 4 3s 2 gives 
the most stable state. Catalan picked out with ease the sequence 

3 d 5 4 p 7 P, 3d 5 us 7 S.up to a large number of members, and could 

find out their values with precision by using a Rydberg formula. 

For the other elements only one or two Rydberg sequences have 
been traced and that also sometimes not quite unambiguously. 
The term-values obtained from such operations are therefore sub¬ 
ject to a good deal of uncertainty. Thus Russell obtained from two 
sequences 

Fe 3c/' 1 4s 2 5 I)+63400 cm’ 1 « Fc + 3d "is °D+e. 

As 3d (i 4s 15 D is the lowest state of Fe + , the I.P. of Fe may be 
said to be 63400 cm ~ 1 . But this may be uncertain to the extent 
of ±1000 cm* 1 . 

Alternative way of designating term values. 

On account of these difficulties in fixing up accurately the term- 
values, an alternative method is used to indicate the values of the 
terms. The value of the lowest term is taken to be zero, and the 
energy required to excite the atom from the lowest state to the state 
represented by the term is taken to indicate the value of the term. 
Thus the value of Na 3p 2 P< would be under this convention equal 
to the wave number of Di-line of Na, that of Na 3d 3 D$ would be v 
of L>!+ ( 2 P* -*D f )of Na, etc. 

If y / be the energy value defined in such a way, the absolute 
v- value of the term would be given by v=*A —v', where A =»absolute 
value of the lowest term in cm" 1 . 
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Ionisation Potentials of the Elements and Ions of the 
Transitional Groups. 

It is clear from the foregoing discussion that in defining the ionisation 
potentials of atoms of complex structure, the normal states of the atom 
and the ion involved should be clearly stated, that is to say, we should 
mention the state of the normal atom from which the electron is removed, 
as well as the state of the ion at which it is left after the removal of the 
electron. This is necessary because both the neutral and the ionised atoms 
can normally possess more than one alternative electronic configurations 
and each of these configurations may give rise to a number of closely lying 
metastable energy levels. We illustrate our remarks by the elements of 
the first transitional group which were very thoroughly discussed by 
Russell.* A glance at the chart 20 on p. 583 shows that any of the neutral 
atoms forming this group may have two alternative structures in its 
unexcited states, vi%., 3d" - 2 4s* 2 and 3d* - 1 4s, where n varies from 1 to 10 
for K to Ni. Similarly, the corresponding ionised elements have the 
alternative structures 3d M " 2 4s and 3d*“ 1 . We now define four different 
ionisation potentials of any such element as follows: 

(A) X 3d*“ 2 4* 2 — X + 3 d n ' 2 4 s . . . higher multiplicities 

(B) X 3d*“ 2 4.s 2 — X + 3d*~ 2 4s . . . lower multiplicities 

(C) X 3d"* 1 4.v — X + 3d** 1 .. . higher multiplicities 

(D) X 3d**“ 1 4<? — X + 3d"- 1 ... lower multiplicities 

where X stands for the element. 

(A) corresponds to the removal of a 4.v-oleetron from X 3d*-‘- 4s >2 and 
conversion of the atom to the ion X + 3d M “ 2 4*. But X 3d 4s 2 as well 
as X + 3d 4* possess a large number of levels. It is understood that 
those with the lowest energy-values (therefore possessing the highest 
multiplicity and highest /) are involved in both cases. Tims in Sc, we have 
corresponding to (A) Sc 3d 4s 2 2 Dm — 8c+ 3d 4.s' 3 D 3 = 6*57 volts. 

(B) corresponds to the removal of the 4s-electron from X 3d*“ 2 4s 2 and 
conversion to X + 3d*“ 2 46*, when both X and X + are energy states of lower 
multiplicities arising out of the two configurations respectively ; e.g. y for Sc, 
we have corresponding to (B) Sc 3d 4.s* 2 2 D -► Sc+ 3d 4 s *D *6 88 volts. 

(C) and (D) correspond to similar processes between terms of higher 
and lower multiplicities respectively for the alternative structure X 3d W ~ 1 4s 
toX+Sd** 1 . For Sc they can be represented as (C) Sc 3d 2 4s 4 F —8c+ 
3d 2 3 F - 574 volts, and (D) Sc M 2 is 2 F-Sc+3 d* 3 F-6 33 volts. 

The values of I.P. corresponding to the four processes (A), (B), (C), 

(D) for different neutral elements are shown in Table 44, columns 3, 4, 5, 6. 


* H. N. Russell, Aslr. hum., 66, 249, 1927. 



Table 44.—Ionisation Potentials of elements of the first transitional group. 
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Column 7 gives the principal ionisation potentials of the elements, that is, 
the energy required to remove an electron from the lowest energy state of 
the neutral atom to the lowest energy state of the atom in the first stage of 
ionisation. For Ca, Sc, Ti, Mn and Fe this corresponds to the process of 
the type (A) as the lowest energy-terms for their normal and ionised 
atoms arise from the configurations 3d"- 2 4 s 2 and 3d” - 1 4s. For K and 
Cr it corresponds to the type (C) as in these cases the lowest energy-terms 
come from the alternate structures 3d"- 1 4s and 3d*- 1 respectively for 
their atoms and ions. In both these cases the process involves the 
removal of an 4$-electron. For V and Co however the principal I. P. 
corresponds to the process X 3d"- 2 4«s2 — X + 3d*- 1 , which involves the 
removal of an 4s-electron and simultaneous shift of another electron from 
4s to 3d. But a glance at the table shows that except in a few cases 
(indicated in thick figures) the values of principal I.P/s in column 7 do 
not exactly agree with the values in columns 3 or 5 corresponding to (A) 
or (C) even in the cases they are expected to agree. In such cases, the 
values in column 7 should, however, be regarded as more accurate than 
the others, as these have been calculated from a long Rydberg sequence of 
lines, while those in the other columns were generally derived from the 
wavelengths of only first two members of the series ( vide § 182, p. 863). 

In the same way we get three sets of I. P/s also for the ionised 
elements (shown in the columns 8, 9, 10 of the table). They can be 
explained similarly. Here the processes involved are:— 

(C) X + 3d ,,mm 2 4s — X ++ 3d”- 2 .Higher multiplicities 

(D) X + 3d"- 2 4* — X ++ 3d"- 2 .Lower multiplicities 

(B) X + 3d”- 1 - X ++ 3d”- 2 

The principal I.P/s for Ca + , Sc + , Ti + , Mn+ and Fe+ involve the 

removal of an ^-electron, those for V + , Cr+, (\>+ and Ni+ of a ^/-electron. 
The values are given in the last column. ' 

345. The Horizontal Comparison Method. —In 8 270, we 
gave a short account of the irregular doublet law and pointed out how it 
could be utilized as a useful guide for the location of the spectral lines of 
iso-electronic elements or ions. Another empirical principle may now be 
described which has also been successful in locating such spectra. This 
new method has been styled as the method of Horizontal Comparison * 

We start with Table 45 to explain the way in which the spectra 
of certain iso-electronic elements can be located. 


* M. N. Saha and K. Mazumdar, ]nd. Jour . jphys.. 2, 67, 1928. See also 
Gibbs and White, Phys. Rev., 29, 426, 1927. 
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Table 45 .— Showing the regularity in 2p x ~ 1 ( 3s*~ 3p)-transitions. 


X - 1 

0 

1 

2 

3 

4 

5 

0 

(1) 

(2) 

(3) 


’P* - *D, 

s P*-’8, 

*P,-T, 

‘Pf-*p. : 

4 V 4 *t‘ 


4p *- 4p i 

4p *-‘ D j 

4 V 4B j 

4 p,-»si 

*P. - *D, 

»P.- S P, 


I 

B 

c 

N 

O 

F 

Ne 

Na 

(1) 


9352 

11475 


13360 

13798 


(2) 

[6000] 

10348 

12175 

12800 

14582 

15615 

16973 

(3) 

10993 

Fowler 1 

13433 

Ingrain* 

Fowler’" 

15747 

Dingle 3 

16399 

Saha 4 

Fowler 1 * 

11 

c+ 

N+ 

0+ 

F+ 

Ne+ 

Na+ 

Mg+ 

(i) 


17602 

21446 

- 

... 

26767 

27530 
i 32323 


(2) 

15198 

19816 

23052 

j 25967 

29977 

35761 

(3) 


21590 

26821 


! 3:5004 

34411 



Fowler 1 * 

Fowler 1 * 4 '' 

Fowler* 

Jog 5 

1 Kichlu" 

j 

| Mazum- 
j dar 

j Fowler 1 1 

III 

N + + 

0++ 

]T+ + 

Ne++ 

| Na+ + 

| Mg+ + 

A1++ 

'll 

.2) 

(3) 


26589 

31897 


159509 

! 30510 


24399 

29925 

34410 

38545 

44822 

] 48413 

53918 


32808 

40558 

... 

50364 

I 51979 

• •• 

Bowen’' 

Fowler 1 9 

Dingle 3 " 

Jog 5 

1 0 

! ,o 

Paschen M 

IV 

G+++ 

F++ + 

Ne +++ 

Na + + + 

Mr ++ + 

M+++ 

Si +++ 

(1) 


... 



51921 

53158 


(2) 

32633 

[39000] 

(45500] 

1 

[52000] 

i 

i 59416 

64216 

71740 

(3) 

10 


! 67096 

j 10 

j 69357 

1 10 

... 


In the row marked I we have the elements B, C, . . .. Na whose 
normal electron structure up to Ne is 2 p x , where x varies from 1 to 6, and 
for Na it is 2p 8 3s. In the excited states one of the p electrons in elements 
up to Ne will pass on successively to higher orbits while in the case of 
sodium the 35 -electron will be excited. In this way the number of p- 
electrons in the excited states of the elements of row I will vary from 0 to 
6. The frequencies of the lines arising from the transitions between 


1 Fowler, Proc. Roy. Soc. A, 118, 42, 1928. la Fowler's Report , p. 168. 
i& Fowler’s Report, p. 99. lc Fowler, Proc. Roy . Soc. A, 105, 306, 1924. 
id Fowler and Freeman, ibtd . 114, 665, 1927. le Fowler, ibid. 110, 484, 1926. 
if Fowler’s Report , p. 120. Fowler, Proc. Roy. Soc. A, 117, 325, 1928. 

2 Ingram, Phys. Rev., 34,421,1929 ; Kiess, Jour. Opt . Soc . Am., 11,4,1925. 

2 Dingle, Proc. Roy. Soc. A, 113, 326, 1927. ibid. 122,144, 1929. 

4 8aha. Phil. Mag., 4, 326, 1927. 5 jog, I?id. Jour. Phys 2, 344, 1928. 
6 Kichlu, Proc. Phys. Soc., 39, 424, 1927. 7 Mazumdar, Ind . Jour. Phys., 
2, 353, 1928. 8 Bowen, Phys. Rev., 29, 234, 1927. 9 Paschen, Ann. d. 

Phys., 71,151,1923. 10 Soderqvist, Nova Acta Soc . Sc. Upsala , IV, 96, 1934. 

F. 94 
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highest multiplicity levels when the electronic transition corresponds to 
2p“" 1 (3s<-3/?) are shown under each element. The number of such transi¬ 
tions are denoted by (1), (2), and (3) which are shown at the top of the table 
and frequencies of corresponding lines are indicated similarly. If these 
frequencies be plotted as ordinates against n-x — 1 (w»0 for B to 6 for 
Na), and a curve be drawn through the strongest of these lines, we obtain 
approximately a straight line, about which the other multiplets are arranged 
as shown in Fig. 14. It is clear from the diagram that the frequencies of 
the lines increase regularly for the elements or the ions of the same 
row as the atomic number increases. 

The row marked II shows lines due to singly charged ions C + to Mg, + 
having the same electronic structure as elements above them in row I, and 
for them the corresponding frequencies are plotted in the same manner. 
They also lie approximately on a straight line thus showing a linear relation 
between the frequency of the line and the number of electrons in the p-shell. 
It may also be noted that the relative positions of the lines belonging to any 
ion are the same in the two curves. Thus comparing the positions of the 
multiplets of Ne and Na + , it will be found that 3 P 2 — 3 D 3 is just on the 
line, while 3 Pj— 3 P 2 is above and 3 Pi— 3 Si is below it. The lines of 
row III behave in a similar manner. 

It is expected that the unidentified lines of F +++ , Ne +++ and Na +++ 
due to the transition 2p x ~ 1 (3s«-3/>) and of higher ionised groups of iso- 
electronic elements would behave similarly. The rule can, therefore, be 
successfully used for the location of the spectra of ionised elements in 
various stages of their ionisation in the following way. Take the two 
end-ions of row IV which give simple doublet lines 32633 and 71740 cm~ l 
as observed by Soderqvist and Fowler. We can join these lines and proceed 
to locate the lines of the intervening ions. The lines due to Mg +++ and 
Al +++ are found to lie on the same straight line; but the lines due to 
F +++ , Ne +++ and Na +++ can be located at 39000, 45500, and 52000 
respectively. This can be easily verified when 'lists of such lines are 
available. 

It has been shown that this rule may be utilised to locate lines due to 
transition 2 p x ~ l {3p+-3d) as well as of the higher groups Al to K and other 
transitions. 

346. Metastable Levels and Forbidden Lines.—So far we 

have used the term metastable lqvel in a vague way without giving 
any serious consideration to the meaning attached to it. In the 
present section we describe metastable levels under two heads: 
(i) If an atom or ion in some excited state gives rise to certain 
levels such that transition from these to the levels of the ground 
state is barred by some selection principle, then the excited 
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levels may be said to be metastable . Such a case has already been 
mentioned in Ne 2 p 5 3s 3 P 2 , 0 which cannot revert to the normal 
state 2p 6 1 So- Plenty of other examples may be picked up in the 
transitional group of elements, (ii) When we take the fundamental 
electron configuration of an atom, we have seen that it gives rise 
generally to a number of levels. The atom in the unexcited condi¬ 
tion is mostly in the lowest of these levels, but if it be excited to 
any of the higher levels arising from the same fundamental electron 
configuration, it cannot revert back to the lowest level as A/<=0 
the electron configuration being the same. Hence the higher levels 
are said to be metastable. Thus in Oxygen, the fundamental 
electron configuration 2 p l gives rise to 3 P 2 >i>o> *D 2 , -1 So. Here 8 P a 
is the normal level. 3 Pi,o? X D 2 , *So are the metastable levels. 

The difference in energy between the stable and metastable 
levels of type (ii) in most cases is generally small, but sometimes as in 
O ( 3 P 2 — x Dt),' it may be considerable. The question arises, if in such 
cases we may not sometimes get a weak line corresponding to such 
forbidden transitions . 

The first observation of this kind in the laboratory was made 
by N. K. Sur* who, while measuring the arc spectrum of Pb 
observed two lines, which he interpreted as follows : 

X 7330*3=6p 2 3 P t - X I) 2 ; X 4618*21=6p 2 S L\ ~ X S 0 

They occur faintly in the arc, but more strongly when heavy 
currents are passed. Similar lines were observed by Sur in the arc 
spectrum of Bi. Bui in lighter elements possessing similar structure 
such transitions were not observed in any laboratory. 

A new chapter in this direction was opened by Boweut who 
proved conclusively that a number of lines which are found in the 
spectra of planetary nebulae and Wolf-Bay et stars (which are ancient 
nebulae), and whose origin was a matter of mystery for a long time 
could definitely be assigned to the forbidden transitions of the 
second type just mentioned. The most famous of these lines are 
X 5006*84 and X 4958*91 which invariably occur in the spectra of 
nebulae as shown in Fig. 15, Plate XI. 

These lines could not be identified with the lines of any known 
element on earth and it was thought that they belonged to a hypo¬ 
thetical element called Nebulium. But no place can be found 


* If. K. Sur, Phil. Mag., 51, 633, 1926. 
f Bowen, Phys. Rev., 29, 231, 1927; Astr. Journ., 87, 1, 1928. 
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for an element Nebuiium in the Periodic Table. To any body who had 
experience of handling astrophysical data, cm -i 

it was apparent that the Nj. and N 2 lines % 401472 

were organically connected and must be 
due to some light element in a highly S3 

ionised state. Now Bowen found that the § 

frequency difference between these two 
lines was Av =193 (=*20160 —19997)0111“ 1 
and he remembered that 193 was also the 2 
difference between the fundamental terms 
2s 2 2p t ( 8 Pi - a P 2 ) of 0++ as found by 
himself and Millikan in the vacuum spec¬ 
trograph. It was also discovered by them 3p 
that the fundamental lines of 0 ++ due to 3 p 2 
the transition l2p*~2p3.v) were all in the 3 P * 

Schumann region. Hence ho argued that Fly . 16 . 0rlRill of nebular lin , s 
the lines in question can only be due to Xmhib-s* and Xikw-oi. 

the 0 ++ -metastable transition 2.s a 2 p 2 3 P 1 , 2 - 2s 2 2p 2 1 D 2 as 
shown in Fig. 16. 

Once a clue was obtained, it was merely a matter of time before 
the origin of many other lines obtained in Nebulae were traced to their 
source. A list of such forbidden lines is given in Table 46. 

Very few of these lines have been observed in the laboratory. 
The fact that these lines are obtained only in Nebulae led Bowen 
to the conclusion that it is probably the extremely low density of 
matter in nebulae which provides an extraordinary condition favour¬ 
able for the occurrence of metastable transitions. Under ordinary 
laboratory conditions the time between two successive collisions can 
only be 10’sec., under extreme cases. Hence the atom would 
pass to the lowest state by collisions of the second kind before it can 
emit radiation. But in nebulae the density is so low that the time 
between two collisions is 10 4 to 10 7 secs., so that once the atom is 
in the metastable state, there is nothing left to it except to revert 
to the normal level as it has no opportunity of colliding with other 
atoms. While this explanation of the origin of nebular lines may be 
true, many attempts ever since made to observe these nebular lines 
in the laboratory are still without success. 

Lines due to transitions in metastable levels of the second 
type described above were observed for the Fe + ion by Merrill 51 ' in 



* Merrill, Asti\ Journ ., 67, 391, 1928, 
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Table 46.—List of Forbidden lines in Astrophysical Sources.* 


Element 

Line 

Transition 

Occurrence 

CI 

46215 

2s 2 2p 2 3 P, -2sV 'S 0 

Nova. 

Nil 

5754-8 

2s 2 2/o 2 'D 2 —2.sV 'So 

Nova, Nebulae. 


6547-0 

2s l 2p i 3 Pi —2s l 2p 2 'D 2 

Nova, Nebulae 


6583-3 

2s 2 2 p 2 3 P 2 -2 s 2 2p 2 'S 2 

Nebulae, Nova. 

01 

6300-3 

2s 2 2p 4 3 P 2 -2s 2 2p 4 'D 2 

Night Sky, Nova, Nebulae. 


6363-7 

2s 2 2p 4 3 Pj —2s 2 2/? 4 'D 2 

Night Sky, Nova, Nebulae. 


5577-3 

2s 2 2p 4 'D 2 -2s 2 2 p 4 'So 

Aurora, Nova. 

Oil 

7321 

2s 2 2p 3 2 D # —2s 2 2p 3 2 Pa 

Nebulae. 


7324 

2 s 2 2p 3 2 D S —2s 2 2/; 3 2 P 4 " 

Nebulae. 


7332 

2s 2 2p 2 2 Ds —2s 2 2jb 3 2 P ? 

Nebulae. 


7334 

2s 2 2p 3 2 D* —2s 2 2p 3 2 Pi 

Nebulae. 


37251 

2s 2 2p 3 % —2s 2 2 ) 0 3 2 D; 

Nebulae, Nova. 


37278 

2s 2 2/o 3 4 S» -2s 2 2jo 3 2 d| 

Nebulae, Nova. 

OIII 

4363-1 

2s 2 2j> 2 'D 2 —2s 2 2p 2 *S 0 

Nova, Nebulae. 


49589 

2s 2 2p 2 3 P, -2s 2 2p 2 'D 2 

Nova, Nebulae. 


5007-1 

2s 2 2 p 2 3 P 2 —2s 2 2p 2 'D 2 

Nova, Nebulae. 

Nelli 

3342 

2s 2 2)o 4 'D 2 —2 s 2 2» 4 'So 

Nova, Nebulae. 


3868 

2s 2 2 p 4 3 P 2 —2s 2 2p 4 'D 2 

Nova, Nebulae. 


3967 

2s 2 2 p 4 3 Pj -2s 2 2jo 4 'D 2 

Nova, Nebulae. 

SI 

5365 

3s 2 3/o 4 3 P, —3s 2 3/o 4 'S 0 

Nova. 

SII 

6717 

3s 2 3jo 3 4 S» —3s 2 3/o 3 2 D 4 

Nova. 


6731 

3s 2 3/> 3 4 s; —3s 2 3/o 3 2 d; 

Nebulae. 


4068 

3s 2 3/o 3 4 S. —3s 2 3/o 3 2 P» 

Nova, Nebulae. 


4076 ! 

3s 2 3/o 3 4 8* —3s 2 3/o 3 2 Pj 

Nova, Nebulae. 


the spectrum of rj-Carinae. He observed lines due to transi¬ 
tions 


3d"4s °D-3 d h 4s* 4 P, 4 F 
3 d 1 4 F-3rf 6 45 s 4 F, 4 G 

Later on Merrill discovered a number of such forbidden lines 
in other stellar spectra. - }* 


* A good account of this subject will be found in Ergebnissc der 
exakten Naturwiss, 7,8,1928, article by Becker and Grotrian; see also Proc. 
Nat . Acad. &i.,1934 

f Merrill, Mi. Wil Obs . Cont,, Nos,, 354 , 381 , 444 . 
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The Green Auroral Line. 

In the polar regions of the earth when there is a continuous night 
for several days or even months depending upon the latitude during 
the winter, the sky is sometimes found illuminated by luminous 
electric discharges of various forms and colour S to which the name 
Aurora is given. In the Northern Hemisphere it is designated as 
Aurora Borealis and in the Southern it is called Aurora Austrealis . 
The auroral displays are generally accompanied by magnetic storms. 
It has been observed that during an auroral discharge, wireless signals 
are greatly disturbed. Aurora is supposed to be due to the bombard¬ 
ment of the upper regions of the* atmosphere by high-speed electrons 
ejected by the sun and deflected towards the magnetic poles of the 
earth by the earth’s field. They are always found to occur above 
certain heights. The spectra of these auroral displays were first 
studied by Angstrom in 1869 and ever since they have been objects 
of searching studies in the hands of Vegard,* McLennan and many 
others. 

The spectra of auroral displays are mostly found to consist of 
bands due to N 2 but the most prominent feature of the spectrum is an 
intense green line. The green auroral line could not be traced to any 
element on the earth and it was supposed to be due to some hypothe¬ 
tical element called Geocoronium present in the higher regions of 
the atmosphere. Long before its identification, its wavelength was 
measured by Babcock f by means of a Fabry Perot Interferometer 
and found to be \ 5577*35 ± 0*005 A. IT. Before this determination, 
its wavelength was uncertain by ±20 A. U. 

The auroral green line \ 5577 was first obtained by McLennan^: in 
the laboratory from condensed discharge in oxygen which was mixed 
with an inert gas, preferably argon. Later it was obtained in pure 
oxygen. Then McLennan showed from the Zeeman effect of the line 
that it was due to the forbidden transition 1 D 2 “- 1 So between the 
metastable levels of neutral oxygen. 

Red Forbidden Lines of Oxygen. 

Paschen, Hopfield, and Frerichsii found in the laboratory lines 
which they identify with the forbidden lines of oxygen as follows: 

. Jl 6300=2p 4 3 P 2 -2p 4 *D 2 and \ 6363~2p 4 3 P 1 -2p 4 4 D 2 . 

* Vegard, Zs. /*. Phys., 78, 574,1932. Paschen, Zs. f. Phys., 65,1, 1930. 

f Babcock, Astr. Journ ., 57, 209, 1923. 

t McLennan, Proe . Roy, See . A , 114, 1,1927. 

II Frerichs, Phys, Rev., 36, 39, 1930. 
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L. A. Sommer* thinks that these two lines occur also in the 
spectrum of night sky as well as in the aurora, but they are mixed 
up with contiguous lines of the band spectra of 0 2 and N 2 . The 
identification is open to certain amount of uncertainty. The 
red auroral lines,, but not the green, have been detected by Bowen 
in the spectra of certain nebulae ( Phys . Rev., 36 , 600, 1930.) 

^47, Hyperfine Structure of Spectral Lines. —We 

shall now close this chapter after giving a short account 
of the hyperfine structure of spectral lines, a 
subject which was discovered by A. Michelson in 
the year 1881, while he was looking fora source 
of strictly monochromatic light which can serve 
as a fundamental standard for wavelength mea¬ 
surements. He found, that many lines which were 
previously regarded as monochromatic when instru¬ 
ments of moderate resolving power were used , were 
found to consist of numerous close components 
when they were examined by his interferometer. 
In fact, of the many lines which he examined only 
one was found free from such fine structure. This 
was the red line of Cd X6438 which was adopted as 
the primary standard in all measurements of the 
unit of length. 

As a typical 
example of the 
hyperfine structure 
of spectral lines, 
we may take the 
strong line X4722 
of the Bismuth arc 
spectrum, photogra- 
by Zeeman, 


Table 47 


l in A.U. 

lilt. 

v in cm* 1 

4722*652 

5*5 

21168*640 

* -618 

5 

68792 

'•574 

35 

68 989 

■m 

2 

69-620 

•389 

5 

69 816 

•332 

10 

70074 


Fig. 18. Microphotogram r\l*ed 

showing the hfs- ^ , _ t . . . , 

bi X4722. Back and Goudsmit.+ The photograph is shown 
in plate XII, Fig. 17, and its microphotogram is 
shown above (Fig. 18). The line is found to consist of six 
closely lying components whose wavelengths and intensities are 
given in Table 47. 


* Sommer, Zs.f. Phys 80, 273, 1933; 77 , 374, 1932, 
f Zeeman, Back ana Goudsmit, Zs . f Phys . 66, 1, 13, 31, 1930 ; 70 , 1, 
1931. In this subject we have followed the excellent treatment given by 
Pauling and Goudsmit in their book The Structure of Line Spectra, 
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Physical Nature and Importance op the Phenomena. 

The separations are extremely small, about 10" 4 to 10’ 8 times 
the multiplet separations discussed in this chapter. Thus for Bi 
the multiplet separations are of the order of Av» 15000 cm” 1 . 
But the ^-separations vary from 10" 1 to 1cm” 1 . For a long 
time the origin of these separations was shrouded in mystery, 
as the theories of multiplet formation offered no possibility of their 
explanation, though suggestions were made from time to time that 
the A/s-complexity might partly be of isotopic origin, that is to say, 
as most elements are mixtures of isotope.-, having different masses, 
the spectral lines would possess slightly different frequencies owing 
to the mass-effect as given on p. 334. But though isotopes account to 
some extent for the ^-complexity, their origin must be due to some 
other important factor, as there arc elements like Bi which possess 
no isotopes, but still show clear ^-complexity. At this stage Pauli 
came forward with the helpful suggestion that the nucleus, which is 
regarded dn theories of multiplet structure as a spherical point 
of electricity, may possess, like the electron, a definite angular 
momentum, and a definite magnetic moment; and the A/s-splitting is 
probably due to the interaction of the nuclear magnet with the extra- 
nuclear electrons. This suggestion proved extremely helpful and 
opened a new field for exploring the structure of the nucleus with 
the aid of spectroscopic data as the following short account will show. 

Experimental Methods. 

For precision works on the ^/’-structure of spectral lines the 
following points must be attended to : (re) The spectroscopic appara¬ 
tus used must have extremely high-resolving power, so that frequency 
differences of the order of 10" 2 cm' 1 can be,dealt with. (6) The 
source of light should be such that the lines are extremely sharp, 
(c) In the choice of the source of ligh*, all processes like self-reversal, 
selective excitation which can falsify the distribution of intensity 
in the ^/-structure of the spectral lines should be avoided. 

The spectroscopic apparatus used in practice are mostly inter¬ 
ference spectroscopes of the Fabry-Perot or Lummer-Gehrcke pattern. 
For these apparatus, see an article by G. Hansen, in the H. d. Physik, 
Optik, II. For the use of the Lummer-Gehrcke plate, the reader may 
consult the following papers : Gehrcke and Lau, Multiplet Interval 
in Spectroscopy, Phys. Zeits., 31 , 973, 1930; Lau, Zs. f. Phys n 
. F. 96 
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63, 313,1931. The echelon grating has also been used for this purpose 
with success. See E. W. Williams, Applications of Interferometry. 
The resolving power used in these apparatus is about 10 6 . 

The source of light now generally used in these investigations is 
the Schuler lamp, for a description of which the student may consult 
Schuler, Zs. f. Phys. 59, 149, 1930 ; Ritschl, ibid. 79, 1, 1932. 


348* Hyperf ine Structure of Bismuth Lines. —For getting a 
complete idea of the experimental and theoretical work on this sub¬ 
ject it is advisable that the reader has a fair knowledge of the classi¬ 
fication of the arc lines of Bismuth, because most of the earlier 
precision works of Back, Goudsmit and Zeeman which are now lead¬ 
ing to the elucidation of the subject were done on Bi-lines. Bismuth 
was chosen because being a heavy element, its spectral lines are 
extremely fine; secondly, according to Aston, it has no isotopes 


Table 48.—Classification of the spectral lines* of Bi. 


6 

*8, 

*Dj 

iD ! 

2p i 

■'•I 

Term 

value 

6p 2 8 

A 

l*Po) *8|-**P$ 

32587*9 

3067*73 (10 R) 

21170*7 2116*91 21167*8 
4722*12 4722*54 4722*83 

"ToT UO) (10) 

... 

(10927) 

—tie 

25975 

6p 2 Gd 

< 3 P„) 3 

439122 

2276*57 (10 R) 

32498*0 

8076*69 (2 R) 

28474*2 

8510*96 (6 u) 

22252*6 22250*8 

4492*61(1) 4492*97 (1) 

(10746) 

14650 

6p* 6 d 

C 

< 3 Po) ! 

44816*4 

2230*64 (IORm) 

88397*5 

2993*36 (6 R) 

29379*2 T 
3402*80 (8) 

... 

11652*2 
8579*74 (1) 

1 

13746 

tip* 7* 

<*P,)>S. ‘P.j 

44864*6 

2228*23 (10 R) 

33445*8 

2989*05 (7 R) 

29426*8 

3397*29 (5 R) 

23205*2 23203*3 

4308*17 (4) 4808*53 (4) 

11700*2 
8544*54 (2) 

18698 

6p*7« 

< 3 Pi) 8 Sj *P| 

45915*7 

2177*22 (4 R) 

34496*6 

2397*99 (9 R) 

... 

24256*1 24254*2 
,4121*52 (6) 4121*81 (5) 

12751*1 
7840*33 (2) 

12647 

6p 3 8* 

F 

1 

47371*3 

2110*31 (10 R) 

35953*9 

2780*52 (8 R) 


25713*3 25711*4 
3887*94(2) 3888*22(2) 

14*208*4 
7036*15 (2) 

11190 

tip* 7* 

<*P,) *8j «Pj 

48488-1 

206170 (10 R) 

87070*5 

2696*76 (6 R) 

83052 0 

8024*67 (7 R) 

... 

(15826) 

10078 

tip* 7* 

<’P,)*8j *Pj 

49159*3 

2021*21 (6 R) 

38041*6 

2627*92 (8 R) 

34023*1 

2938*32 (9 R) 

27791'9 

16295*8 
6184*86 (2) 

9102 

6p* 6 d 

(*Pi) *D| f 

51017*3 

1959*48 (8 R) 

39599*6 

2524*68 (9 R) 

35581*4 

2609*64 (fl R) 

29354*71 

8405*68 (7 m) 

17864*1 
6599*41 (8) 

7544 

tip’tid 

(’Pi) *Dj | 

511632 

1958*89 (8 R) 

39738*7 

2515*68 (9 R) 

86719*8 

2798*74 (6m) 

... 

(17998) 

7405 


* Lines investigated for V-structure are underlined. 
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except an extremely rare radioactive one which does not count; 
thirdly, the lines were almost completely classified by Thorsen* and 
Toshniwal,t from whose analysis, the /-values of the terms are 
accurately known. This classification is given in Table 48, as a 
reference to this is necessary for the study of the works of Goudsmit 
and Back mentioned before. 

According to this classification, the line X 4722 should be single, 
being due to the transition 6p 3 2 D* — Gp 2 ls 4 Pi. (It should be 
mentioned here that the coupling is of the jj- type). But as men¬ 
tioned above, it consists of six components (Table 47). Moreover 
these six components 

can be arranged in the Table 49. Multiplet structure of X 4722. 
form of a multiplet 
as shown in Table 49. -- 

Almost every bis- 
muth line is found on 5 

investigation to consist -- 

of components which can be arranged, as in the case of X 4722, 
into A/is-multiplets, and the splitting was found to be charac¬ 
teristic of the levels. This is shown from an examination of the 


3 4 5 6 

_ •1 52 *197 '255 

21168*64 21168*792 21168*989 

21169-621 21169*819 21170*074 


///’-structure of X 2898 which, as a glance at Table 48 shows, is 

due to the transition 


Table 50. 



3 4 

•145 

5 6 

■21.3 '25.3 

4 

•710 

34496546 96692 

96-905 

5 

95-984 

96 177 96-430 


6 p* 2 D f -6p 2 7s 2 P r 
It has therefore the 
same final level as 
X 4722, viz., 6 p* 2 D f . 
The components of X 
2898 are shown in the 


form of ///-multiplet in Table 50, from which we find that the level 
6p 3 2 D^ has approximately the same splitting as in A, 4722. These 
intervals are easily seen to follow the Lande interval rule, for 
we have 


'038 ; ~ '039 ; ~ 


: . (33) 


So the separations are approximately as 4:5:6. The figures at the 
top row of Table 50 denote hyper finestructure quantum numbers 
/■(see §343). 


* V. Thorsen, Zs, f.Phys., 40, 642,1926. 
f G. R. Tosbniwal, Phti Mag., 4,774,1927, 
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Every spectroscopic level of bismuth is thus found to be split 
up into a number of sublevels, and some of these splittings are shown 
in Table 51. In cases where total separation has b e en given, the 
^/-splitting was too small for the resolving power used, and therefore 
merely total separation has been surmised. 


Table 51. 


Term 

\ f 

9 \ 

2 3 4 5 6 7 

B 

6p 2 2 S, 


Total Sep. — '08 

-*005 

2 °| 

1-225 

-•152 -198 -‘256 

-0403 


1-20 

•254 -310 -400 •495 '571 

0812 

p * 

*667 

1-875 

’375 

6 p 2 7s A, 

2-088 

0-830 


bd b! 

0-79 

Total Sep. 01 

•1G6 

bd C f 

1-20 

Total Sep. 0-1 

01 

7a Dj 

1676 

Total Sep. 0 

-01 

7a E i 

1-30 

-0-708 

•142 



0-20 

•04 

7s Gi 

1-41 

0 380 -506 -633 760 -887 

•127 

7a H # 

0-98 

•379 -473 -563 

0943 


f — ^/-quantum number, g = Lande factor; for B see eqn. (38) p. 758. 


Explanation of the Results. 


It is rather remarkable that though a good deal of painstaking 
experimental work on this line was done by Nagaokn,* Hansen, Wali 
Mohammed and others, not much progress in the subject was made till 
a theoretical explanation was forthcoming, ituarkf and Sommerfeld 
suggested in 1925 that the introduction of a fifth quantum number f, 
which they called the hyperfine structure quantum number , is neces¬ 
sary for explaining the results. This explains the Lande interval 
rule observed in ^/’-structure. Thus we shall see presently that the 
four levels into which Bismuth 6p* 2 D$ are split up are characterised 
by the /-quantum numbers 3, 4,5 and 6. 

Greater precision was given to the idea by Pauli4 He sug¬ 
gested that the nucleus might be regarded as possessing the 


* H. Nagaoka, and T. Mishima, Proc. Imp. Acad., 2, 249, 1926. 
f Ruark, Phil. Mag., 50,937, 1925. 

I Pauli, Nalurwiss., 12,741,1924. 
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mechanical moment ihj2n, where i may be called the nuclear quantum 
number. The same factor which gives rise to the mechanical 
moment also endows the nucleus with definite magnetic moment 
which, by its interaction with the valency-electrons, splits up each 
optical level into a number of hyperfine sublevels, possessing small 
differences of energy. 

On account of the large mass of the nucleus, the magnetic 
moment is however extremely small compared to that of the electron. 
In order to obtain an idea of its magnitude, we may consider the 
simplest nucleus, viz., the proton. If we suppose that this 
also is spinning like the electron and its mechanical and magnetic 
moments are entirely due to spin, the ratio between the two is 
expected to be given, as in the case of the electron, by the relation 

\i p /si p =* e/Mc .(34) 

If we suppose that = \hj2n, [i p = eh/^nMc. 

Thus the protonic magnetic moment [i p is 1846 times smaller than 
that of the electron. 

This surmise has however not been verified. The nuclear moment 
of the proton from band spectra has been found to be indeed half, but 
the magnetic moment has not been found to be equal to p p . Stern and 
Eastermann* found from deflections of H 2 -molecules in anon-homogeneous 
magnetic field, that the magnetic moment of the proton is } p p . This 
shows that magnetism of the proton is more complex than hitherto 
imagined. 

As the nucleus is supposed to consist of a number of protons 
and other particles which may be supposed to be describing spin 
as well as orbital motions, the resultant mechanical moment may 
be expected to equal the vector sum of those for the individual 
particles (of protons as well as of other particles). But the magnetic 
moments of the individual components will compound in a more 
complex way owing to coupling relations—as in the case of the 
resultant magnetic moments of the incomplete electron-shells. 
Following the analogy of extranuclear electrons, we may introduce a 
Land<5 factor g {i). Then the magnetic moment is given by \n p g (i) i. 

It is clear from the above preliminary account that a study of the 
hyperfine structure of spectral lines enables us to find the nuclear 
moment and thus throws light on the problem of its composition* 


♦ Stern and Eastermann, Zs, f, Phys„ 85 , 4, 7,1833. 
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Hence in recent years a good deal of activity has been manifested in 
this direction. We shall now explain, taking bismuth lines for 
illustration, how the nuclear quantum number i can be obtained 
from the A/'-structure of lines. In the two following sections, we 
follow the treatment given by Goudsmit.* 

, 349. The Interaction of the Magnetic Nucleus with the 
Extranudear Electrons.—If the mechanical moment vector of 
the nucleus be denoted by i and the total mechanical moment vector 
of the extranudear electrons by j as usual, then i and j may be 
supposed to combine to form a new quantum number f, the hyper- 
fine structure quantum number which has got all the values given 
by f— |s+/l. Therefore an optical level with a fixed value of j is 
split up into the /-values: 

(a) i+j, i+j-1, .. . i-j ... altogether 2/+1 . .. when i>j 

( b) i+j, i+j— 1, ... j—i ... „ 2*+l ... „ j>i. 

The ^/-separation can be worked out by considering the interac¬ 
tion between the nuclear magnet having the moment p*. and the field 
at the nucleus due to the extranudear electrons. Let this field be Ilk • 
It may be mentioned here that the completed shells do not contri¬ 
bute anything towards the production of which is due entirely 
to the electrons in the incomplete shell; e.g., for the 6 p 3 2 Dj level 
of Bi the field is produced by the three electrons in the 6p-shell. 
The energy of interaction may be written in the same way as in the 
case of multiplet separations. We have 

A W = p II k cos (ij) .(35) 

where *»<#)- M+» 7*igJi zi ! i±}) . .... ( 36 ) 

The hSeparation between two levels having the quantum 
number /and f f can now be easily calculated : 

w i ~ w+i)- f(f + 1)1 = f (f-Wf+r+D- 07) 

where B => pfljt jij. If f—f—\, we have 

AW f -B f .(38) 

i.e., A W is proportional to the larger /-number. 

In the case of the 6p® *Dj -level of Bi, we have seen that the 
successive separations are as 4:6:6. From Table 49 we find 


* Goudsmit, loc. cit. 





§ 350 ] ZEEMAN EFFECT IN HF-STRUCTURE 750 

that we should pat /*« 3,4, 5, 6 respectively for the sublevels into 
which the level p 3 2 D„ is split up. This is explained if for the 

Bi-nucleus V is assumed to have the value f, for we have then 
f= \i+3 I - I Ml -3,4, 5, 6. 

Goudsmit and Bacher* showed from investigations of a large 
number of Bi-lines that the value $ for the nuclear quantum number 
completely explains the observed splitting for all levels of Bi. This 
can be verified by referring back to Table 51. In Tables 49 and 50, 
the /'-values of the upper states are obtained from the selection rule 
for f (see infra). 

Note on Negative and Positive Values of Intervals. —In analogy with 
optical terms, we have to fix up a convention regarding hyperfine structure 
terms. If T f < T^-i < f iy ~2 ... we say the terms are direct ; otherwise 
they may be called inverted; thus we find that in Bi for 2p z 2 D|, 
T 3 <T 4 <T 5 <T 0 .. , hence the terms are inverted and T 3 —T 4 is negative 
as shown in Table 51. In 2p 3 2 D«. .. T 2 >T 3 ; the intervals are positive. 

Selection Principle and Intensity Law in the hf-multiplets. —It has been 
found that the quantum number / obeys the same selection principle as the 
inner quantum number j, viz., A/^ 0 , ±1 allowed; A/*= 0->0 forbidden. 

The intensity rules for the hfs- components are exactly similar to 
those of ordinary multiplets and will be treated later. 

350. Zeeman Effect of Lines possessing /i/‘-Structure. —The 

value of nuclear quantum number ‘ i 9 determined in the above way 
can further be supported from other directions. One of the methods 
which is applicable for Bi depends upon investigations of the 
Zeeman effect of its spectral lines. We shall describe the investi¬ 
gation for the line A 4722 which is typical of the whole set of 
bismuth lines for very strong fields. For weak and intermediate 
fields, see Pauling and Goudsmit, Structure of Ijme Spectra, p. 219. 

In bismuth, the coupling tends to the jp-type. Hence the Zeeman 
effect cannot be calculated using the Landd formula. Thus the line 
A 4722 is given by the combination 6p 3 2 D$ -6 p* 7 s 4 P*. Here a D$ 
and 4 P» have been written to describe the terms for want of a 
better designation, but really they have not the usual meaning except 
that they give the inner quantum number correctly. For if a D$ were 
normal, its Rvalue would be £, and for 4 P{, g would be f. But Back 
found that g for 6p 3 is 1’225, for 4 Pj, g *=* 2*088. So the 


* Goudsmit and Bacher, Zs. f. Phys^ 66, 13, 1930. 
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Zeemau pattern for X 4722 is as given in the following scheme 
(Table 52). 


Table 52*—Zeeman components for Bi 6p 3 2 D* -6p* Is 4 P| 
X 4722 supposing hf-strticture to be absent 


Term 

'v m 

r\ 

* i -i -T 

Av/a 

*D| 

1-2227 

1-836 *612 — 612 -1-838 

± ’432 ... Jt-conip. 

1-662}-"" a ' com P- 


2-088 

1044 -1-044 


The line X 4722 would thus decompose into 6 components. But 
as the original line itself consists of A/s-components, the Zeeman 
resolution becomes somewhat different when high fields are applied. 
We give below a theory of this effect which is due to Goudsmit. 

When an external field H is applied, such that it is sufficiently 
strong to break the coupling between j and we can calculate the extra 
energy in the way as in the case of Paschcn-Back effect. We have 

ATF= m y g (j) H + m. g (i) — H + Bij cos (*?). . (39) 

The first term is the ordinary Zeeman effect term if the hf- 
structure were absent, g (j) is the ordinary Lande factor due to 
extranuclear electrons, nij is the component of the inner quantum 
number The second term represents the action of the field on the 
nuclear magnet. Its magnetic moment is (eh/in Me) i g(i) and is 
the projection of V on the external field. Bij cos (*)') is the term 
due to interaction of V and which has been already discussed 
and which gives us the ^/’-structure of the line. In the deduction 
of the expression, we suppose that the coupling between i and j 
is broken. Since f no longer exists, we have 

cos ij = m ( rtij/ji .(40) 

as in the case of Paschen-Back effect ( §224). 

Now the first term is nearly 2000 times larger than the second, 
which can therefore be neglected. The first and third terms are of 
equal magnitude if H be chosen to be sufficiently large, and the 
expression can therefore be written as: 

AIT-m g(j) , . (41) 
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The Zeeman components are therefore given by 
Av= m J 9 (j)-mj g(j') ]+(Bm r • (42) 

The first term gives us the Zeeman components which are expected 
if the ///‘-structure were absent. For a field of 53700 gauss there 
would be, as Table 52 shows, a pair of ji-components at Av ■-=» 
±*432 X 2*526 — ± 1*090 cm" 1 , and a pair of 0 -components at 
Av = ± *793 X 2*526 = ± 2*000 cm’ 1 , and another pair of 
o-components at Av = ± 1*652 X 2 526 = + 4*170 cm" 1 . 
But on account of the second term in (42), each of these 


Table 53. 


7Uj 4- 

4 i ~i -:} 

Bnij — J Vm/ = 5v/m, 

D= - 0403 

-•0604 — , 0202 0202 0604 

‘1030 . . . Jt-comp. 


X1XI/ 

* 14351 . 

/?'= 1660 

■083 —*083 

| -0628/ °- com P- 


levels would be split up into 10 components, corresponding to the 
total number of revalues (=2 i +1). We have B~ —‘0403, 7/ =*166 
from Table 51. The values of ( Bm f - B f inJ) for the Zeeman compo¬ 
nents are shown above in Table 53. 



(r <r o o 



Fig. 19. Scheme showing the A/*-flpllttinfp of Zeeman components for B1 X 4722. 

F. % 
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Thus the separation of the ///-subcomponents of the Jt-compo- 


nents are given by 

±1*090+1030 mi, m ( = f, i . 

The separations of the ///-subcomponents of o-components are given by 

±2*000+1435 w* nit •-= H, 1,.- f 

±4170+'0628 m { , m { - |, £.-1 


The scheme of these ///-splitting of the Zeeman components are 
shown in Fig. 19. 

(a) shows the ///’-component without field, (Z>) the position of 
the a: and o-component without ///-structure, (c) the re-component 
with ///-splitting, ( d ) the o-components with ///-splitting. They are 
drawn to scale for a field of 53700 gauss. 

The value of i can be inferred directly from the number of sub¬ 
components which is 2 i + 1. 


351. Comparison with Experiments. —The Zeeman effect 
of the Bi-line X 4722 was very thoroughly investigated by Back and 
Wulft* in the Tubingen Laboratory, and Goudsmit and Bache-+ 



<«) ( 6 ) 

Fig. 21. Microphotogram of Zeeman component* of the hf% of \4722: 
__ (a) ^-component*, ( b) ^-component*. 


* Back and Wulff, Zs. f. Phys., 66, 31,1930. 
f Goudsmit and Bacher, Zb' f. Phys., 47, 174, 1928. 
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showed that the results were in complete accord with their 
theory. Fig. 20, Plate XII, is a reproduction of the photograph of 
the 0 -components in the 4th order (5 times magnified) taken by Back 
and Wulff. The inner components show quite clearly the 10 
A/s-subcomponents. The original photographs of the it and the 
outer o-Zeeman components also showed clearly the ten hfs - 
subcomponents. The microphotograms are shown in Fig. 21 (a) and(6). 
The plate was overexposed, hence the ///-structure is not to be found 
in the microphotogram, but the breadth due to the totality of 
the ///-components is clearly visible. The breadths were found to be : 

0'882cmT 1 for the jt-component: theoretical 9X103 = *927cm“ l , 

1*269 ... inner o- „ „ 9X1435 —1*292, 

0*520 ... outer 0- „ „ 9 X’0628-= *565. 

The crosses denote the existence of lines not predicted by 
theory. They are due to the violation of the selection principle 
A/= ±1, 0,.just as in the case of optical components. 

352. ///-Structure of Elements Possessing more than 
one Isotope (Tl). —We have so far described two methods for 
finding out the nuclear moment / of bismuth: (1) from the A/ 
separations, (2) from the ///structure of the Zeeman components of 
the, lines under strong field. A large number of lines of Bi, Bi + , 
Bi ++ have been investigated in this way, and they have all yielded 
the same result for the nuclear quantum number, viz., f. This is 
as it should be, for V is characteristic of the nucleus, and should 
therefore be independent of the state of ionisation of the atom, or 
its particular quantum state. Besides these two methods, there is a 
third, one for determining L It consists in the study of the relative 
intensities of the alternate band lines of the diatomic molecules of 
the substance, but this subject can be taken only under Molecular 
Spectra. 

It has been found that almost all the elements in the periodic 
table, excepting a few like He 2 , C 12 > Oi* ... show A/structure 
of spectral lines. But in these cases, precision studies are com¬ 
plicated by the presence of isotopes. 

A glance at the table given on p. 102 shows that almost all 
elements consist of mixtures in varying proportion of a number 
of isotopes having identical chemical and physical properties. 


* See McLennan, McLay, Crawford, Proc . Roy . Soc. A , 129, 579,1931. 
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As the spectrum depends entirely upon the electronic compo¬ 
sition which is the same for all isotopes, it is expected that 
the spectrum of different isotopes will not be different. But it has 
been shown in §172 that on account of the difference in mass, the 
Rydberg number of two isotopes are slightly different, giving rise to 
a displacement of frequency, which according to the theory should be 


A v/v = 


1 A'-A 
1846* AA' 


(43) 


where A, A' are the mass numbers of the two isotopes. 

This relation has given correct results in the case of the Denton, 
and He, but in the case of heavy elements the value calculated 
according to (43) is found to be extremely small. Thus taking 81 Tl, 
which consists of 30% of Ti 203, and 70% of Tl 205, we should have 

Av/v = 2/(203X205X1836) = 5X10“ 4 cm' 1 . 

For the line X 5351 6 p *Pi - 7.$ 2 S.i , we should have Av=--0*0005 



cm -1 . This separation 
is of a lower order 
than the /^-separa¬ 
tions, but the actual 
results, of isotopic se¬ 
paration as obtained in 
the careful investiga¬ 
tions of Schuler and 
Keyston* were found 
to be nearly 100 times 
larger. 

A picture of the hf- 
structure of Tl A 5351 
is shown in Fig. 22, 
Plate XII, and the 
origin of the /^-compo¬ 
nents is schematically 
shown opposite (Fig.23). 
Four components are 
obtained and denoted 
by a y by c y d. It was 


Schuler and Keyston, Zs. f. Pliys ., 70, 1. 1931. A good account of 
the hypernne-structure of Tl by Kallmann and Schuler will be found in 
Ergebnisse aer exakten Naturwissenschaften, 11 , 1932. 
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observed that the intensities of these components bear to each 
other the ratios 

a/b ~ e/d = 2*3 ; a/e » b/d «■ 3 . 

As the proportion of the isotopes are 30 : 70 « 1 : 2'3, it was conclud¬ 
ed that a and c are due to TI 205 , b and d to T1203- The isotopic 
separation thus comes out to be Av = 062 cm ’ 1 which is nearly 
120 times larger than the value given by the formula ( 43 ). Thus 
it is a general phenomenon, that the isotopic separations for heavy 
elements are found to be much larger than the theoretical values, and 
sometimes their sign is reversed. No explanation of this remarkable 
fact is yet forthcoming. Only the case for the isotopes of Li has 
been explained. For this see Quauteutheorie by Smekal and others, 
p. 388. 

The ///-components are explained by assuming that for both 
isotopes of Tl, i = i, and the optical levels arc split up as shown 
in Fig. 23. There should be three components with the theo¬ 
retical intensity ratios 5 : 1 : 2 , but the splitting of 2 P» -term is 
very small, hence the first two appear as a single component 
with the intensity 5 +1^=0. 80 the ratio ajb = § = i, as is actually 
observed. 

The case of Tl is however not quite representative, because here 
accidentally the nuclear and magnetic moments are the same for 
the two isotopes. But in general the moments of the two isotopes 
may be widely different; in such cases, some ingenuity has to be 
applied before the mass-effect and ///^-effect can be separated. 

353. Theoretical Calculations of Hyperfine Structure- 
Separations. —Welhavc shown in a general way that the ///-constant 
2 /=Pk //kA>', where pic is the magnetic moment of the nucleus, and Hk 
is the field at the nucleus produced by the extra-nuclear electrons. 
Of these quantities, pic being characteristic of the nucleus, should be 
independent of the state of ionisation of the atom, or the particular 
state of excitation of the extra-nuclear electrons; £Tk, on the ot her 
hand, depends on these states. Hence if we can evaluate Hk properly, 
we should obtain a unique value of pic from the ///-structures of all 
lines of the neutral or ionised atom (only one isotope being con¬ 
sidered at one time). 

A glance at Table 51 shows the extreme difficulty of the 
task. The values of B for the different levels of Bi vary 
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enormously, being sometimes positive, and sometimes negative. A 
theory of interaction energy between extra-nuclear electrons, and 
the nucleus which can give unique values of p K would be indeed 
a great triumph for the theoretical physicist. The solution of the 
problem does not appear to be in sight, but a brief account 
of the attempts chiefly due to Goudsmit and his collaborators 
may be given. 


Interaction Energy between a Single Electron and 
the Nucleus (regarded as a Magnet). 


The interaction energy between a single electron possessing the 
quantum numbers / and 6 *, and the nuclear magnet is calculated in a 
way which is partly analogous to the procedure followed in §220. Let 
Pic denote the magnetic moment-vector of the nucleus. Then it can 
be easily shown that the extra energy due to the interaction between 
the /-motion of the electron, and the nuclear magnet is given by 


i (44) 

This can be calculated in the same way as in § 220 , for the 
expression (42) on p. 421 can be written as 


AW = — ~ - 

me r \2nme 



where p 8 ” magnetic moment-vector of the electron due to spin=s. 
chfenme. Expression (44) is obtained by substituting p K for p 8 in (45). 

To this, we have to add a second part A W 2 due to the inter¬ 
action between the spin-magnetism of the electron, and the nuclear 
magnet. 

This is obtained by proceeding from the ^classical expression 
for the mutual energy of two magnetic dipoles having the moments 
p and p' (see Jeans, Electricity and Magnetism , p. 379). We have 

- W 2 = [ cos (pp') - 3 cos (pr) cos (pV) ] . . . (46) 

Here r is the radius vector from the nucleus to the origin. Now 
putting p — Ps ? p' “ Pk > we have 


IjUi Uv- 

- A W t *= —^ 5 — l cos [i s) — 3 cos (* r) cos (sr)] . . . (47) 

because the direction of (ig is denoted by the s-vector, that 
of (i K by the e-vector. 
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So we have, adding (44) and ( 47 ), 


ATT ■ 


JL 1 
me r H 


/ ii lh \ / l*K 1*8 / . \ 

( " K • j cos W ~ ~p»— cos ( * s ) 


. 3 ^K M’S ,. v . , 

i-j— cos (ir) cos (sr) 


We put, as already discussed in § 220 , 

Hence we have 

A IF — 2 q [il cos (if) — is* cos (is*) + 3is cos (ir) cos (sr)]. . (48) 


where <7 
as in § 220 . 


m ( eh \ 2 / .x __ m , .v /2Ac a 2 Z;* 

1/ Uxme/ r® 9 W ~ M 9 w 2« 3 / (/+ !) (/+1) 


It can now be shown that the factor 

[i/ cos (i/) — is cos (is) + 3 is cos (ir) cos (.sr)] 
is proportional to cos (ij). 

Since the coupling between i and / is not broken we have, apply¬ 
ing the Lande rule for quantum-cosines 

cos (il) = cos (ij) cos (jl) 


cos (is) = cos (ij) cos (/s). 


It is a little more difficult to evaluate cos (ir). cos (sr). Let 
the direction-cosines of any of these vectors be denoted by a, P, Y 
followed by the proper subscript. Then we have 
cos (ir) cos (sr) = (a* a r + P* p r + Yt Yr ) (<** «r + Ps Pr + Y« Yr) 

*=■ cq a a a£ • + ....+ a r a i Pr P* +. 

Now the vector ‘ r \ the unit vector to the electron, precesses in the 
plane of the /-motion of the electron, and therefore round the /-axis, 
which may be taken as the z-axis. Taking average values, we have 

a r 833 Pr *“ Yr 5=5 0 , a r p r ** 0 


cos (ir) cos (sr) =* i (a* a a + P» P* ) 

— i cos (is)-$ Yi Ys 

— i cos (is) - i cos (i/). cos (si). 


Hence we have 
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3 s 
27 - 


cos (jl) cos (.s/)] 


We have therefore 

l s 

AF= 2 qij cos if [—cos (If) + cos sf- 
3 4/ 

= \xH k cos (if) 

Goudsmit* has shown that the expression within the bracket is 
equal to l(l+l)/f(j+1), so we have finally the ///--separation-factor 
(for one electron system; cf. eqn. 37) 


_ \xHk _ 


11 a 2 Z* _ 

:s u+i)yO'+i) 


9 (») 


m 


(49) 


n" v+4“ M ' 

We may compare the unit of ///-separation with the unit of 
ordinary multiplet separation for doublet spectra. We have 

Ra 2 Z 4 1 


Hence we have 


Av ; 
b 

Av" 


* 1 ( 1 + 1) 
/(/+!) 


g(i) 


cm 


Z(l+l)j(j+ 1) 1838 
Thus the order of ///--splitting is Z. 1838 times smaller than that • 
of multiplet splitting for the doublet terms. The quantity is 
generally too small for observation. 

But this expression does not give us the ///-splitting of the S-term. 
For a glance at equation (48) shows that our expression for A W ceases 
to hold for the S-term, as for this r ■== 0 and A TP becomes infinite. 
We can otherwise understand, on purely physical grounds, that the 
///splitting would be largest for .^-electrons and p-eleetrons of very 
heavy elements, as their orbits are penetrating and the electrons ap¬ 
proach very close to the nucleus. Hence energy values of s-electrons 
would be subjected to the maximum //-splitting. Experiments have 
also shown that the ^/splitting in the case of alkali elements is en¬ 
tirely due to s-terms. Thus for sodium, an element which has been very 
thoroughly investigated,f it has been found that for the 3s 2 S*-term 
Av = ‘061 cm" while for the P-terms the splitting is negligible. 

The investigation of the ///splitting of s-levels cannot be 
undertaken by the classical methods. This must be attempted with 
the aid of wave-mechanical methods. This was first attempted by 
CasimirJj: According to a report by Goudsmit, Casimir is said to 
have proved that 

W = qis cos (is), f = *+£, i—i. 

* Goudsmit, Phys. Rev., 37, 663, 1931; ibid., 43, 635, 1933. 

Rev', 44, C 93M933 d . Br °° k ' f ' 68 « 735, 1925; Granath, Phys. 

Spectia C pm’ *** Pauling anfl Goudsmit’s The Structure of the Line 
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Later the problem was attacked by Hargreaves/ and Fermi*)* 
using Dirac's form of relativity wave-mechanics. A discussion of 
these methods cannot be attempted at this place, and the results as 
given by different authors, are also not concordant. For further 
information, the reader can refer to original sources. 

For most elements, which have been investigated for their hf- 
structure, the spectra are due to more than one electron. Goudsmit 
has shown in a general discussion that appreciable values of hf- 
splitting are obtained only when an 5-electron participates in the 
production of the optical level. He has also initiated general methods 
for calculating the energy due to the simultaneous interaction of two 
or more electrons with the nuclear magnet. 

The result of all these investigations is rather disappointing. 
The values of p* calculated from different arc and spark lines of 
elements generally yield quite different values, hence it is probable 
that the mode of interaction of extra-nuclear electrons with the 
nucleus may be quite different from that hitherto assumed in such 
investigations. Probably the nature of the individual components of 
the nucleus has to be taken into consideration. We shall return to 
this subject in the chapter on Nuclear Physics. 

Books Recommended 

1. O. Laporte Handbuch der Astrophysik , 3/2, 1930, article on 
‘Theorie der Multiplett spektren.’ 

2. Pauling and Goudsmit, The Structure of Line Spectra , 1930. 

3. Becker and Grotrian, ergebnisse der exakten Naturwissenschaften 9 7 , 
1928. 

4. Goudsmit and Bacher, Atomic energy States , 1932. 

5. Kallmann and Schuler, Ergebnisse der exakten Naturwissen - 
schaften, 11, 1932. 


* Hargreaves, Proc. Roy. Soc . A ., 124 , 568.1929. 
f Fermi, Zs. f. Phys., 60 , 320, 1928 ; 82 , 729,1933. 

F. 97 



CHAPTER XV 

MAGNETISM AND ITS THEORIES* 

354. Historical Introduction. —Up to the year 1819, nobody 
seems to have suspected that there was any connection between the 
phenomena of electricity, and those of magnetism. Each group of 
phenomena was studied by itself. In this year, Oersted discovered 
that a wire carrying an electric current produces a magnetic field 
around it. This discovery marks a great landmark in the history of 
science, because it showed for the first time that an intimate connec¬ 
tion exists between these two great groups of nature-phenomena. 

The exact laws of production of magnetic field by a current were 
discovered by Ampfere and Weber, and are now well-known to every 
student of science. Ampfcre showed, by a series of carefully planned 
experiments, and by careful mathematical analysis of the results, 
which according to Maxwell, are “ perfect in form, and unassailable 
in accuracy,” that the magnetic field produced by a closed coil car¬ 
rying a current was the same as that of a magnetic shell occupying 
the area covered by the coil and filled with small elementary magnets 
placed normally to the plane of the coil, with similar poles pointing 
in the same direction (normally polarised shells). The magnetic 
moment per unit area of the equivalent shell was taken as equivalent 
to the current, and in fact this definition forms the basis of the 
electromagnetic system of units. 

Explanation op Natukal Magnetism. 

Ampfere suggested that natural magnetism which we observe in 
iron and other ferromagnetic bodies, or magnetism which can be 
produced in them by a magnetising field may be explained by assum¬ 
ing that the substance contains within itself small closed currents of 
molecular dimensions. These currents were supposed in those days 

* For a history of these experiments, see Maxwell, Electricity and 
Magnetism, U, 138-194. ,v) 

770 V ■ ' 
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to be due to the motion of small electrified particles which were 
present in all material bodies, particularly in good conductors of 
electricity. These closed currents were supposed to form elementary 
magnets and Weber supposed that in every magnetic substance 
these elementary magnets are usually orientated at random in the 
unmagnetised state as 
shown in Fig. 1. When 
a magnetising field is 
applied, each of these 
elementary magnets is 
subjected to a directive 
couple which tends to 
set the m parallel to the 

field. But this tendency is opposed by the heat motion of the par¬ 
ticles, so that the alignment is only partial. When the magnetising 
field is sufficiently large, the chaotic tendency due to heat motion can 
be completely overcome, and we get the phenomenon of magnetic 
saturation. Some of the features of Weber's theory have been 
incorporated in the later theory of Langevin (see infra § 361). 

Discovery of Universality of Magnetic Properties. 


(a) 


(b) 


(c) 


Fig. 1. Wcbcr’K Elementary Magnets. 

(a) Without field, ( b ) Weak field, (c) Strong field (saturation). 


Up to 1850, magnetic properties were supposed to be confined 
to a few substances like iron, nickel and cobalt. In 1845, 
Faraday proved that this was by no means the case. By sus¬ 
pending rods of different substances between the poles of a 
strong electromagnet, he found that most substances set themselves 
parallel to the magnetic field, if the field of the electromagnet be 
sufficiently large; a few elements like bismuth set themselves at right 
angles to the field*. Faraday showed that for the first class of 
substances the magnetic susceptibility X can be proved to be greater 
than zero. For the latter class (vix., bismuth, etc.) the susceptibility 
is negative (w‘de infra p. 776). To the first class, he gave the name 
“ paramagneties ” and the second class was called “ diamagnetics.” 
Substances like Fe possess a value of X which is much larger than 
that for the usual paramagnetic bodies, and hence are put in a 
class by themselves and called “ ferromagnetics It is however 
found that above a certain temperature (called the temperature of 
recalescence), the susceptibility of iron suddenly diminishes to the 


* The repulsion of bismuth by a magnet had also been observed by 
Bruygmans in 177$. 
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value for paramagnetic bodies. A further characteristic property 
of the ferromagnetic bodies is that they show the phenomenon 
of hysteresis. 

Extensive investigations of the magnetic properties of all 
elements and their compounds have now shown that the phenomena 
of dia, para, and ferromagnetism are very fundamental. All material 
substances belong to one or the other of the three classes. Of 
these the ferromagnetic substances are rather few in number -and 
consist of the three elements Fe, Co, Ni; most of their alloys having 
a sufficient concentration of the metals ; some of their compounds, 
e.g,, the oxide and sulphide of iron ; the Heussler alloys (composition : 
Al 10%, Mn 20%, Cu 70% approximately); as also some com¬ 
pounds of manganese and some ferrites of the type MeO, Me 2 0 3 , 
where Me is a metal of the iron group. The Heussler alloys, first 
discovered by Heussler in 1908 are remarkable that out of three 
constituents, which are all merely paramagnetic, a compound is 
formed possessing strong ferromagnetic properties. According to 
some authorities, they are definite chemical compounds with formulae 
of the type... [Al (Mn, Cu)a]». 

Paramagnetic substances are much larger in number and 
consist of many metallic elements, some gases and most of the 
salts and oxides of elements belonging to the different transitional 
series, i.e., from Sc (21) to Cu (29), from Y (39) to Pd (46), and the 
r&re-earths Ce (58) to Yb (70), as also of elements belonging to Pt 
and U-families. These elements themselves are also paramagnetic. 

All other substances are diamagnetic, and wc shall see later 
that dia-magnetism is a universal phenomenon and underlies para 
as well as ferromagnetism. 

355. A Review of more Recent Developments. —Since 
1900, the subject of magnetism has received serious attention 
from both theorists and experimentalists. In 1895, P. Curie under¬ 
took with the aid of his magnetic balance (see p. 775) an extensive 
series of experiments for finding out the susceptibility of a large 
number of paramagnetic and diamagnetic bodies and their variation 
with temperature. These studies culminated in the discovery of 
two fundamental laws known after Curie; 

(1) The diamagnetic susceptibility is independent of T 

(2) The paramagnetic susceptibility is inversely proportional 

the absolute temperature, (tT^O). ; >> ' r? 



§355] 


MORE RECENT DEVELOPMENTS ' 


773 

These laws were explained by Langevin on the basis of electri¬ 
cal theories of matter which were in vogue before 1912, and his 
explanation, with certain modifications, still holds the ground though 
it does not explain all the results. The studies of Curie and 
Langevin were extended to ferromagnetics by P. Weiss who 
introduced the idea of molecular magnetising fields, and showed 
that from the theoretical stand-point the ferromagnetics are to 
be differentiated from the paramagnetics by the existence in the 
former of elementary regions which are spontaneously magnetised 
to a saturation value characteristic of the temperature even in the 
absence of the external magnetic field. At the temperature of re- 
calescence this property suddenly disappears. He further showed 
that his experiments pointed to the existence of atomicity in magne¬ 
tism (The Weiss-magneton). 

The subsequent progress of magnetism has been largely inspired 
by the quantum mechanical theories of the structure of the atom, 
and will be discussed in due course. We shall finish this introduc¬ 
tion by relating briefly how the Ampfcre-Weber hypothesis that 
magnetism is due to ^molecular currents caused by thg motion of 
small charged particles received experimental confirmation. 

The Gyromagnetic Effect. 

It was Maxwell who first pointed out that the assumptions 
underlying the Ampfcre-Weber theory can be subjected to an 
experimental test. The small electrified particles revolving per¬ 
petually in closed orbits to which the ferro or paramagnetic bodies 
are supposed to owe their magnetism may be compared to small 
elementary gyroscopes. When a magnetising field is applied to the 
body, these elementary gyroscopes begin to execute a precessional 
motion round the direction of the external field as axis. This will 
give rise to a mechanical moment which should be capable of 
detection. 

It does not appear that Maxwell had any idea of the magnitude 
of this mechanical moment. The great difficulty in his days was the 
absence of any definite knowledge regarding the small electrified 
particles which, by their motion, cause magnetism. After the dis¬ 
covery of the electron, it was natural to identify it with these parti¬ 
cles, Einstein proved in 191.7 that if magnetism be supposed to be 
due to the morion of the electrons in closed orbits, the mechanical 
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moment a should be (2we/e) X magnetic moment. Since e/mc <= 
1*773X10 T e.m.u., we should have n = 1*13X10* 7 M, where M is 
the total magnetic moment of the sample. Thus the expected mecha¬ 
nical moment is so small, that unless very sensitive arrangements 
are used, the effect cannot be demonstrated. The difficulties were 
overcome by Einstein and de Haas in 1918 by the application of a 
very ingenious method (described towards the end of this chapter), 
and the ratio was found to have the expected value. But later and 
more careful experiments by Beck showed that the ratio was not 
1*13X10- T , but nearly half this amount, in other words *58X10* 7 . 
This result showed that Einstein's theory required some profound 
modification.* 

At the present time, the magnetism of the elementary magnets 
is no longer ascribed to the revolution of electrons in an orbit alone, 
but also to the rotation of electrons about an axis fixed in 
themselves. The hypothesis of the “ Spinning Electrons " has been 
already given in connection with spectroscopy. It has been equally 
fruitful in explaining the magnetic phenomena, as we shall 
presently see. 

356. Experimental Studies in Magnetism. —The usual 
methods which are used in the laboratory for finding out the sus¬ 
ceptibility of ferromagnetic substances, such as the magnetometric 
and ballistic methods, are also applicable to para and diamagnetic 
substances. Thus Townsend (1896) employed the solenoid method 
for the investigation of the susceptibilities of a number of strongly 
paramagnetic solutions of iron salts. But in general, on account of 
the feebleness of the effect, the sensitivity of these apparatus must 
be greatly enhanced before the results can be accepted as reliable. 
Though sometimes such procedure has been adopted, it has not 
been very successful. 


Faraday’s Method 

This called for new methods of experiment for dia and para¬ 
magnetic substances. One particular, method which has been 
extensively used is due to Faraday, and was first used by him in 


* This experiment was first suggested by O. W. Richardson, 1904, but 
the first successful experiment demonstrating the relation between mecha¬ 
nical motion and magnetisation was performed by S. 3. Barnett in 1914, 
(videinfra). ■ £/• 
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his classical researches on magnetism. It was based upon the 
measurement of the force experienced by a specimen of the sub¬ 
stance when suspended in a nonhomogeneous magnetic field. A 
mathematical expression for this force can thus be worked out. 
Let the substance possess the permeability p and let the medium 
in which it is suspended possess the permeability p 0 . The com¬ 
parative energy of this system (the work done in bringing the 
substance into the medium) is 

E=^°jll*dv .(1) 

where the integration extends over the whole volume occupied by 
the substance. Since the force acting on the substance is 
F — — grad E, we have 

F= - y grad H 2 dv, 

where H represents the applied magnetic field and do an element of 
volume of the substance. From the relations B = pH = H+^nl 
and I — kH, where k = the magnetic susceptibility per unit 
volume, we get 

F x ~(k-k 0 )vH y .(2) 

in the direction of x-axis, assuming the magnetic field is along the 
y-axis and has a gradient along the x-axis. Thus when a substance 
is placed in an inhomogeneous magnetic field having a gradient 
along the x-axis, it will experience a force along this axis and a 
measurement of this force gives us the relative volume suscepti¬ 
bility of the substance. 

Using this method, the first determinations of magnetic sus¬ 
ceptibilities for air, water, H*, O*... were made by Faraday. He 
gave k-values relative to air. After Faraday, the earliest absolute 
determination of k was probably due to Rowland and Jacques. 
They gave for Bi, &*=■ -12’55X10' 6 . The negative sign denotes dia 
and the positive sign paramagnetism. 

Cubib's Magnetic Balance 

Faradays apparatus has now only historical interest, but 
the method was subsequently used by Curie,* in his classical 

* P. Curie, Ann. de Ohim. et Phys., 7,289,1895. For a critical account 
of experimental methods see also Sta* dnd. 27,189,425,1912. 
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researches, so that it sometimes 



Fig. 2. Curie’s magnets. 


goes by his name; we proceed 
to a description oft his well- 
known magnetic balance. 

Curie examined the mag¬ 
netic susceptibility of a large 
number of substances over 
a wide range of temperature 
(20° to 1370°) and for the first 
time definitely ascertained the 
fundamental distinction be¬ 
tween, dia, para and ferromag¬ 
netism. For the production of 
the inhomogeneous magnetic 
field he used an electromagnet 
with inclined pole-pieces as 
shown in Fig. 2. 

The actual balance in 
work is shown in Fig. 3. 


The specimen whether solid, liquid or gas was enclosed in a U-tube 
of a complicated form. This was attached to the torsion rod R which 



Fig. 8. Curie’s magnetic bftUsoe. 

included a platform Q for placing small weights t6 maintain equilibrium, a 

* Before Curie, Wiedemann and PlesSner had found a limited 
‘Varmtion of 1/X^with T. Plucker had found that remained constant 

rdny generalisation, 


-^ f V. *' * iuwaut UUU 1UUUU u 

pjS and Hg. But these works were insufficient I 
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plate P which worked as a damper, and a pointer p moving on a small 
scale 8. On applying the magnetic field, the displacement of the specimen 
tube was calculated directly from the movements of the pointer on the 
scale. A special heating oven was used to heat the tube, and the tem¬ 
perature was measured by a thermopile. 

The main difficulty in this method was the accurate determination 
of JSTand dll/dx at the point in the non-homogeneous magnetic field occu¬ 
pied by the moving system. 

From Fig. 2, it is clear that along the axis of x, II X — 0, and H y is finite. 
H y was determined by a search coil of very small dimensions, by the use of 
the well-known ballistic method. dll y / dx was not determined, but its 
equivalent dII T fdy along the axis ot y, for we have dH y /tix=*dH x /dy. 

The search coil was moved along OY and the value of JI found, from 
which the value of dH x /dy can be calculated. H y , dH y /dx and H y dHyfdx 
are then plotted in curves against the distance along the x-axis. The form 
of these curves is shown in Fig. 2. 

The sample is generally placed at the point O, where H y dB y /dx 
is maximum. This minimises the error due to the setting of the tube. 


According to Curie's observations, for all dia-magnetics investi¬ 


gated, the specific susceptibility 
X was found to be independent of 
temperature. Only Bi was found 
to behave in a different way. 
Its diamagnetic susceptibility 
decreased linearly with temper¬ 
ature up to its melting point 
(273°C), when the value fell ab¬ 
ruptly, but remained constant for 
the liquid state over a consider¬ 
able range of temperature. This 
is shown in Fig. 4. Amongst the 
paramagnetics, 0 2 was subjected 
to a wide range of investigation, 
and the result obtained can be 
expressed by the relation 

10 s X r - 



T 


where T represents the absolute temperature. He found that in 
general the relation Xy* 8 * Al T held good for all paramagnetic eler 
ments. Only the constant A was different for different elemeni^ 
The law Was verified also for paramagnetic salt-solutions of Fe** 
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Fe +++ , Ni ++ , Co ++ and for palladium salts. This generalisation 
fe usually known as Curie's law. It marks out the fundamental 
property by which the paramagnetics are to be differentiated from 
the diamagnetics. 

The specific susceptibility of soft-iron (ferromagnetic) was 
found to vary with the magnetic field as well as with the temperature. 


H~3 Os . j 
Hiuid. 


_ 


—— 









■ H-172 






Iron 


Fig. 61 Variation of magnetisation of soft iron with temperature. 

Within the range of 10° to 600°C magnetisation does not show much 

- variation with temperature (Pig. 5), 

but above this temperature it dimi¬ 
nishes rapidly, and falls almost to 
zero at 790° under all constant fields. 
The magnetic susceptibility was in¬ 
vestigated at still higher temper¬ 
atures. To a first approximation it 
varied inversely as the absolute 
temperature upto 1375°C (Pig. 6). 
The various irregularities in X-values 
seen in the curve are believed to 
9fl0 *c mark the conversion of the sample 

Pig. <1. Temperature-variation of the °f Soft iron to Various allotTOpic 

magnetic susceptibility of soft iron. modifications. These results show 

that for the ferromagnetics X drops abruptly at a critical temperature 
point), above which they behave practically as paramagnetics, 
soft iron the critical temperature is 790‘p> and those for Ni and 
are 360*0 and 1115° C respectively. " 
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Other Modifications of the Faraday Method, 

Faraday's original method was modified into different forms 
by various subsequent workers. Thus Theodorides* * * § and Foexf 
investigated the magnetic susceptibility of a number of salts by a 
method, in which, the principle of Faraday’s method was used, but 
the deflection was measured by a null method in which the pointer 
was replaced by the moving coil of an electrodynamometer, and the 
force tending to move it was balanced by the force between this coil 
and a fixed one carrying a variable electric current The extensive 
researches of Honda, and Owen,t Honda and Ishiwarall were carried 
out by means of a Curie balance in whifch many substantial modifica¬ 
tions were effected. 

Recently Prof. S. S. Bhatnagar§ has modified the Curie Balance 
(Fig. 7) in such a way that observations can be taken very rapidly. 



Fig. 7. Hhatnagar'a magnetic balance. 

Two identical glass tubes e, f are taken, and filled with identical 
amounts of the substance undejr investigation. The tubes are 
carried in holes on the opposite ends of a pair of horizontal 
aluminium strips c, d. Through the centres of these passes an 


* Theodorides, Joum. de. Phys., 7, 3, 1922., 
f Fo§x, Ann. de Phys., 10, 174,1921. 

t See for example K. Honda, Ann. d. Phys., 32, 1027,1910; Set. Rep., 
1, 1, 1912: M. Owen, Ann. d. Phys., 37, 657,1912. 

|| T. Ishiwara, Sri. Rep., 3, 308, 1914; Honda and Ishiwara, Sri. Rep^ 
4, 215, 1915. For details see Honda’s book Magnetic ProvertiesAeii 
Matter, 1928. -'Wf 

§ Bhatnagar and Mathur, Doctorate Dissertation of R.N. Matkur. ^ 
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alutninium beam a b rigidly fixed to the strips and carrying a 
small mirror m and a damping vane n. The entire thing is 
suspended from the upper end of the beam along its axis by means 
of a torsion fibre, so that the lower halves of the two tubes lie 
between the poles of an electromagnet E E (shown separately in 
Fig. 8). The pole-pieces of the latter are specially constructed so that 



rig. s. The pole-pieces in Bhatnagar’s magnet which produce equal and opposite field 
gradients at g and h the points occupied by the specimens* 


the field-gradients over the spaces occupied by e and f arc parallel, but 
oppositely directed. This special arrangement would give rise to 
equal and opposite forces on the two tubes thus forming a 
couple. When the magnet was excited, it produced a ballistic 
couple which was measured from the momentary deflection of the 
spot of light. With this apparatus, Bhatnagar and his pupils 
have measured the susceptibilities of a large number of salts 
in solution. 


356a. Gouy’s Homogeneous Field Method. —Another in¬ 
teresting method is due to Gouy.* In this the substance in the form 
of a uniform cylinder of cross-section 8 is so suspended vertically 
in a homogeneous magnetic field between two pole pieces of an 
electromagnet that one end of it is inside the field and the other 
outside. The force experienced by the second end is negligible, 
and that by the first end is seen easily to be 


F 


- t*-Ho [ 
8 n J 


dx 


Sdx - i (k - ko) H*S 


(3) 


The cylinder A is suspended vertically (Fig. 9) along its axis 
from one arm of a balance, and as the force acts along the vertical 

For details of these and other experimental methods see Stoner, 
\im tmA Atomic Structure, 1920, Chap. Vf, lUj Honda, 1oe. cit. 
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axis, it can be counterpoised directly by adding weights to the 
other pan. The magnetic field being fairly uniform, H can be 



Fig. 9. Oouy’H homogeneous Held method. 


measured by means of a search coil. The method is specially 
suitable for absolute determination of susceptibilities of solids. 

Among the earlier workers Von Ettinghausen used the Gouy 
method. Wills also used (1896) the same method for experiments 
on Bi with magnetic fields varying from 1,600, to 10,000 gauss. His 
results showed that within this range k is independent of field 
strength, a result which we obtain in ferromagnetic bodies only when 
the magnetising field is so large that saturation is reached. 

This method has been modified for determinations of the value 
of X for liquids and gases by Quincke and others. 

Modifications of the Gouy method: Sony's Apparatus. 

The direct application of Gouy cylinder method for the deter¬ 
mination of magnetic susceptibility of gases becomes difficult on 
account of small density of the gases, except in cases where 
they have high specific susceptibilities (i ?.g 0 2 ). To avoid this 
difficulty Sone* improved this method substantially and was able to 
attain sufficient sensitiveness so that accurate determinations 
of susceptibility for gases became possible. The gas under 
investigation is enclosed in a cylindrical glass tube T (Fig. 10) 
which is divided into two halves by a glass partition P. 
The lower half of the tube is evacuated and the upper half 


* T, Son6, Sri. Hep , 8, 115, 1919 ; 11,139, 1922. 
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filled with the compressed gas. This tube takes the place of 
the cylinder in Gouy's method. Now the magnetic field 

is applied. If the tube were empty, 
there would be no resultant thrust, 
since the thrust on the upper part 
is equal and opposite to that on the 
lower part. When the upper part is 
filled with compressed gas, the resultant 
thrust measures only the force on the 
gas. The method is thus a differential 
one . The thrust is balanced, as in Gouy 
method, by placing weights on the 
other pan of the balances. The 
pointer of the balance is replaced by 
an elaborate system of bifiliar sus¬ 
pension. This enables very small 
forces to be measured. A few of 
Sone’s results are given below in 
Table 1. 

Quincke’s Capillary Ascension 
Method for Liquids 
The Gouy method was modi¬ 
fied by Quincke for measuring 
the susceptibilities of liquids and 
gases. The substance was enclosed in a U-tube (Fig. 11) one limb 


Table 1 .—Magnetic susceptibility of gases at 20° C 
and 760 mm (Sow). v 


Gas 

X xlO« 

m 

kx 10® 

Air 

23 85 

0-03084 

Oxygen, 0 2 ... 

1041 

0*0488 

Carbondioxide, CO 2 

-0-423 

-0000836 

Nitrogen, N 2 (chemical)... 

-0265 

—0000331 

„ (atmospheric) 

-0360 

-0000452 

Hydrogen, H. 

Nitric oxide, NO 

Nitrous oxide, N 2 0 
Nitrogen peroxide, N0 2 ... 
Nitrogen tetroxide, N 2 0 4 
Nitrogen trioxide, N 2 0 2 
Nitrogen pentoxide, N 2 0 6 

-1-982 

-00001781 

48-80 

—0-429 

4-54 

-0276 

-0-206 

—0-332 

. 

A V ' ■ ' 
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of which is wider than the other. A uniform magnetic field is 


applied across the meniscus in 
the narrow limb, the other limb 
being fairly distant. The men¬ 
iscus rises under the force, 
through a height h given by 
hgp(k-lc 0 ) H 2 , where p = 
density of the liquid and k , k 0 
the susceptibilities of the liquid 
and of the gas above it. If 
X represents the mass-suscepti¬ 
bility, we have X=/c/p, Xo^fco/Po 



Fig. II. Quincke's apparatus. 


Hence X--^X 0 + ^.(4) 

The method is convenient inasmuch as the blank experiment is 
dispensed with, and the presence of impurities of higher suscep¬ 
tibilities does not affect the result. For accurate measurement it 
is preferable to bring back the meniscus to its original position 
by applying pressure, in which case the necessity of making the 
field uniform may be done away with. 


Bauer and Piccard’s Method 

357' Modifications of Quincke’s Method.—A modified 
form of Quincke’s method has been employed by Bauer and 
Piccard* in their investigation on the magnetic susceptibility of 
oxygen and nitric oxide. The gas under investigation was 
enclosed under high pressure in the capillary limb of the 
U-tube, the other limb being filled with water. As on applying 
the magnetic field the liquid-gas meniscus was displaced, it was 
brought back to its original position by raising a reservoir attached 
to the other limb, by means of micrometer screws. The amount of 
elevation could be accurately read, and making preliminary blank 
experiments on water, the magnetic susceptibility of the gas could be 
calculated. The temperature of the gas was determined by a silver^ 
constantun-couple. 

The accuracy of the above method was however nullified by the 
effect of gas contained in water in the dissolved state, and Bauer 

* Bauer and Piccard, Joum de Phy&. } 1, 97,1920. 
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and Piccard therefore devised a second method. The apparatus for 
the later method is shown in Fig. 12. 


NO 



Flff. 12. Bauer and Piccard's apparatus. 


The gas under investigation (0 2 or NO) was contained in the 
tube LS which was kept open to the atmosphere by means of the 
stopcock T s . The side tubes T x and T 4 served as the inlet and outlet 
for the gas. The other part LD of the apparatus was filled with 
C0 2 -gas which is only very feebly diamagnetic. The side tubes T 2 
and T« were respectively inlet and outlet for CO a . The part L was 
a labyrinth which was specially designed to prevent interdiffusion 
of the two gases. The pressure of the experimental gas at L was 

transmitted to the water manometer A through the CO 2 -gas. The 

> 

field was applied at L the place of separation of the two gases, and 
the resulting change in pressure, was recorded by the displacement 
of C the gas-water meniscus as before. This eliminates the error 
due to solution of the experimental gas in water. In this method 
however the homogeneity of the field over the zone of mixture of 
the two gases is essential. 

Table 2.—Maffnetic moments Thus the difference of pressure 

of 0, and NO. was measured between two points on 


Oases XxlO 6 

XxlO 6 

V 

107-8 

•1484 

14-12 

487 

•0609 

9-20 


a column of gas, one of which was 
exposed to the magnetic field and 
the other was outside of it. Bauer 
and Piccard^-: result for O* and 
NO are shown opposite,' , 
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M pTo manometer 


Gas Inlet 


Meniscus 


Wills and Hector’s Method. 

More recently (1924) the Quincke method has been ingeniously 
modified by Wills and Hector* for the determination of magnetic 
susceptibilities of 
the inert gases. 

In this the gas 
to be tested is 
enclosed under 

high pressure in — - v cr zzz:—: 

an O-shaped tube 
(Fig. 13). The gas 
occupies the part 
C to F and is in 
contact at F with 
a solution of the 
paramagnetic salt 
nickel-chloride of 
known susceptibility, 
two are then 



&' )G 


Ni CL - Sol. 


centration of the salt solution at a known 
gas, and then accurately by changing the 


Fig. IS. Wills and Hector’* magnetic balance* 

Magnetic field is applied at F. The 
magnetically balanced first by varying the con- 

pressure of the 
pressure of the 
enclosed gas or the common temperature of the gas and the solution. 
The gas pressure is noted by means of a manometer connected at M. 
The movement of the meniscus is not directly observed at F, but at 
the constricted part G by means of a microscope. Gum-mastic parti¬ 
cles are put in the solution which serve as a sensitive indicator for 
the movement of the meniscus. From this observation the suscep¬ 
tibility of the gas at any other temperature is calculated by using 
Curie's law. The following table shows some of their results. 

Table 3 .—Magnetic susceptibility ^ ll ^ iese me thods which 

of inert gases. depend upon the measurement 

of the forces acting on the sub¬ 
stance when placed in a homo¬ 
geneous or non-homogeneous 
magnetic field, the necessity of 
measuring field strength is 
often avoided by making the 
measurements relative to a sub¬ 
stance of which the absolute 



Xxio® 

*xl0 6 

Gases 

at 20°C and 

1 atm. press. 


Arson 

-0-452 

-0000752 

Helium 

-0473 

-00000780 

Neon 

-0-334 

-0-000277 

. 


* Wills and Hector, PJiys, Rev. y 23, 209, 1924; Hector, i 
1924, 

F. 99 
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value of susceptibility is known. Water is generally chosen for this 
purpose for which X = - 072x10" °at 20° C as determined by Sevfe, 
Piccard and Piccard and Johner. * 

The fact that the force on a substance in a magnetic field is 
proportional to the difference in volume susceptibilities of the 
material and the surrounding medium, has often been utilised to 
measure the susceptibilities of solutions and of gases. The experi¬ 
mental liquid or gas forms the medium in which a test piece is sus¬ 
pended, and magnetic field is applied to the latter. The force on this 
piece is measured in different media. 

Interpretation of the results of paramagnetic measurements al¬ 
ways requires the susceptibility values to be known over as large a 
range of temperature as possible. An arrangement for varying the 
temperature is therefore kept in all the methods. For temperatures 
higher than the room temperature an electric furnace is used. Lower 
temperatures are obtained by immersing the test piece in a liquified gas, 
or by cooling with cold gas or vapour. For details of experiments 
the publications from the Cryogenic Laboratory at Leiden may be 
consulted. The temperature is measured by a thermocouple or a 
resistance thermometer. 

Finally, brief mention may be made to a dynamical method used 
for the measurement of the principal susceptibilities of crystals. A 
suitably cut crystal is suspended with one of its principal axes 
parallel to the lines of force of a magnet. When it is displaced 
slightly from the position of equilibrium it executes simple harmonic 
oscillations. The time period depends upon the susceptibility, and 
absolute measurements may be made if the field strengths at different 
parts are known. 


358. Summary of Experimental Results on Diamagnetism. 

—The experimental study of diamagnetism has shown that the mass 
susceptibility is: 

(1) almost always independent6f tem^ratufe, and 

(2) very often indepeqdent. of ,the-physieai «tate. 

While a very large number of substances obeys law (1) over a 
considerable range of temperature, there are also several cases of 
exception. XJIor substances like Bi, Sb, Te diminishes in valu e as 

Rfecard and Johner, Hebr. Phyn. Aota, 4, ^18,1931. - ^ 



§359] LANGEVIN’S THEORY OF DIAMAGNETISM 


787 


the temperature is raised and undergoes a remarkable diminution at 

tlm^me^ng5Su£ - 

Graphite presents very peculiar features. When the cleavage 
plane is perpendicular to the magnetic field, X has the exceptionally 
high value —15X10" 6 , while with the above plane parallel to the 
field, X is— 4*7X10" 6 . This phenomenon of diamagnetic anisotropy 
is shown by all anisotropic crystals in general and its study sheds 
considerable light in elucidating the structure of such crystals. 

Accurate measurements always reveal a more or less pronounced 
difference between the X-values of the same substance in different 
physical states. The same also holds for allotropic modifications of a 
substance. Metallic tin is remarkable in this respect, for while the 
grey variety, which is stable below 18°C, is diamagnetic, the white 
variety is paramagnetic. On fusion it is diamagnetic again. 


359. L&ngevin’s Theory of Diamagnetism.—The interpre¬ 
tation of magnetism as an atomic phenomenon began practically 
with Weber's idea of molecular currents. But a real mathematical 
theory was first worked out by Langevin* in 1905 who started from 
the ideas introduced by Lorentz on the electron theory of matter: 
(1) material substances consist of assemblages of electrons which 
rotate in closed orbits about a centre of force, (2) as an electron 
rotates iu an orbit, it behaves like a magnetic shell having the 
moment esjet, where c = charge, s «* area of the orbit, c «** velocity 
of light, t = periodic time. If, on the whole, the different electronic 
orbits be magnetically balanced, the system will have no resultant 
magnetic moment, that is, it will be diamagnetic. We shall now 
proceed to show how starting from these ideas the theory of dia¬ 
magnetism can be worked out. 

According to the classical electron theory, an electron moving 
in a circular orbit of radius r% and period T possesses the magnetic 


moment 


\ic 


exr t * cr * 3 

— = —— (n 

ct 2c 


(5) 


where o> = angular velocity. 

The moment is directed perpendicularly to the plane of the 
orbit, 'the sense of the moment can be easily fixed with the aid of 
the usual rules. Now the moving electron is subjected to a centri fug al 


Langevin, Jour, de Phys., 4, 678,1906. 
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forc^ whickk equal and opposite to the attraction of the nucleus, 
and is given by 

..( 6 ) 

What happens when a magnetic field perpendicular to the plane 
of the orbit is applied ? The electron in motion is equivalent to 
an electric current of magnitude ccon/c and on*. ..applying the 
magnetic field it experiences a fqrce Uc^nfc, directe^jdong the 

radio.Sf- 4ha.sense depending upon the direction of the magnetic 

field and of the moving electron. If the equivalent magnetic 
moment and the field have the same directions, the force is directed 
away from the nucleus, but when the field and the moment are 
oppositely directed, the force is towards the nucleus. These are 
illustrated in Fig. 14 (a) and (/>) respectively. 



(a) (b) 


As long as the force Hewn/c acts on the electron, its 
angular velocity undergoes a change Aco, and the modified value 
pf the centrifugal force is equivalent to the resultant of the radial 
forces. Hence 

F± = m (w ± A a))* r t .(6') 

V 

We can assume Aco to be small compared to co. Comparing 
equations (6) and (6'), we get 


Aco ■- M&aZL - _ J&L 

2 mcoart 2 me 


This causes a variation in the magnetic moment of the electron by 
an amount given by 




e*H 

tone* 




I When there are more than one electron in the atom,, a summa- 
ip be made over them,, and r* shonld-^e replaced/by S 
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And as the orbits are not all circular, r, 2 values are to be replaced 
by an average value r*. Instead of the orbital planes being 
perpendicular to the field, they can have all possible orientations 
with respect to it. Let be the radius of the projection of the 
orbit on a plane at right angles to the magnetic field. Then for 
an atom containing N electrons, 


Ap« 


jl?L 

4 me 2 


- *'i 


2 4e 


(7) 


where the summation extends over all the electrons. 

For a diamagnetic atom, therefore, the atomic diamagnetic 
susceptibility is given by 


X A t = 


H 4 mi* 1 


( 8 ) 


For spherically symmetrical atoms )\ 2 j 2 r*. And for a 
gm-atom which contains jV^Avagadro number) atoms 

X A = X* X A = X M X 2r J .(9) 


where X,» denotes mass susceptibility and A the atomic weight. 

It is clear from Fig. 14 that in (a) the angular velocity of the 
electron is diminished, and the moment p therefore suffers a 
reduction. In case (b) the reverse holds. In both cases the 
change in moment is directed opposite to the field. This induction 
effect immediately follows from Lenz^s law. The entire atom 
undergoes a change in moment of the magnitude A p« , irrespective 
of the fact whether initially the magnetic moments of the individual 
orbits compensated each other or not. When compensation is 
wanting, there is a resulting magnetic moment, and the substance is 
paramagnetic. 

"Thus diamagnetism appears to be a universal property of 
matter, and, as the above formhl x shows, is independent of tempera* 
ture and field strength. Even in the case of para or ferromagnetic 
bodies, the diamagnetism is present, but is obscured by the much 
mdre intensive phenomena of an opposite kind. 


* The formula (7) can be much more easily deduced by using 
Larmor’s theorem of precession, ie., the induced angular velocity of preces¬ 
sion of the electronic orbit due to the magnetic field H is Am « — &>*>*»* 
But here we hate preferred a deduction from fundamental pm 
because this nfethod gives an insight into the mechanism of diam*" 1 
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Hie essential condition for an atom or an ion to be wholly 
diamagnetic is that the electronic orbits of the system of electrons 
composing it must be symmetrically distributed around the nucleus, 
so that the initial resultant magnetic moment of the orbital electrons 
vanishes* From the spectroscopic point of view this amounts to the 
fact that the atom or ion should be in the *S 0 -state, in which the 
resultant spin moment and the orbital moment of the system vanish. 
The diamagnetic susceptibility for such an atom or ion is given by 
equation (9). Such are, for example, the inert gases, He, Ne, A, Kr, 
Xe and Niton and atoms of the second group Be, Mg, Ca, Sr, Ba, 
Zn, Cd and Hg. 

360. Discussion of Results on Determinations of the 
Diamagnetic Susceptibility.—As emphasised already, the theory 
of diamagnetic susceptibility sketched above is strictly applicable 
only to mononuclear systems. The ideal case where the theory is 
expected to hold good is the family of inert gases, e.g He, Ne, A, 
etc., which form monatomic molecules and are characterised by 
closed shell electronic structure. But from the standpoint of experi¬ 
mental study inert gases offered for a long time a problem of great 
uncertainty. Joos* pointed out that the susceptibility of an inert gas 
atom like Ne should be greater than that of the positively charged 
ions just following it in the periodic table as Na + , and less than that 
of the negatively charged ion just preceding it, F in this case; be¬ 
cause the nuclear charge of the inert gas atom is intermediate between 
the two, and greater nuclear charge is associated with smaller radius 
of electron orbit, and vice versa . Direct measurement of X of inert 
gases has now been possible by the improved methods of Wills and 
Hector as already described, and the above conclusion has been verified. 

We shall now describe how the susceptibility of other mono¬ 
nuclear structures (ions) with inert gas shells has been determined. 
It is not possible to get ions in the free state, hence an indirect 
method is employed. 

Suppose we take a substance like Csl in solution. According 
to very probable hypothesis, Csl or most alkali halides are ionic 
compounds, i.e., are supposed to consist of a positively charged alkali 
ion, and a negatively charged halogen ion. It is assumed that the 
alkali loses one electron which attaches to the halogen atom. The 


2a. f. i%s, lfl, 347,1923. 
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molecule is thus made up of two mononuclear systems Os' 1, and I 
each with an inert gas structure like Xe and each containing 54 
electrons in the outer shells. It is assumed further that diamagnetic 
X of t he com pound is the sum of the X's of the individuariiS. This 
is a direct_coP8equence of Pas cal’s law which states that the X of a 
dSmagnetic molecule isem^Lto the sum of the X's of its constituent 
ato msT and ion s eac h of which is independently diamagnetic. The 
problem is thenJo determine X for the compound Csl and to parti¬ 
tion^!^ way between its two constituent ions. 

The X-value for Csl and most other salts is best determined in their 
solution. Water is diamagnetic having its susceptibility X w • -*72x 10~ 6 . 
Hence the susceptibility of a salt is obtained from that of its solution by 
applying the additive law 

X — Og Xs + ^1 ) Xw .... (10) 


where X, X* and X w denote respectively the susceptibility of solution, salt 
and water, and e» =» the concentration of the salt. 4 determination of X 
and c s enables us to obtain X,. Ikenmeyer* obtained in this way for Csl, 
X WI « — 95X 10* 6 , (X m = molecular susceptibility). 

We now consider the method of partitioning X* between the ions. 


Table 4- 


-Diamagnetic msceptibilities 
of ions. (XX 1(f) 


Cs+ and I both contain 
54 electrons in the outer 
shells. Ikenmeyer takes 
X’s for the ions Cs+ 
and T to be inversely 
proportional to the 
square of their nuclear 
charges, and hence 
obtain 

Xcb 4* 5=3 — 45*75 x 10"°, 

Xi- - -49*25 x 10-• _ 

Taking these as standard, X’s for singly charged ions of alkali elements 
and of doubly charged ions of alkaline earth elements can be easily 
measured from the determination of X for compounds of these ions 
with X The X-values of single negatively charged halogen ions also can 
then be easily determined from those of their compounds with alkalies. 
This his been done by Ikenmeyer and others as shown in Table 4. 

It was further found that a linear relation existed between X, and N 
the number of electrons of the ions of elements in the same vertical 
column of periodic table, The relation is 

-XxlO 6 =c x N+C2 . . . . ... , (11) 


X 

NoX 

of elec- '~ x 
trons N N, 

N -1 

A r +1 

1 

iV+2 

10 

F~ 139 

Na+ 104 

Mg++ 4'5 

18 

Cl" 20-4 

K+ 169 

Ca++ 110 

36 

Br- 34-8 

Rb+ 31-3 

Sr++ 25-4 

54 

I~ 49-3 

Cs+ 457 

Ba++ 399 


Ann. d. Phya„ 1 , 169, 1929 
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whew* c* is a constant for different series, and c 2 another constant which 
however is different for different series. For heavy elements c 2 is 
negligible in comparison with c\ N. Thus for alkali ions C\ «0*80x 10" 6 , 
e 2 *»2’4; for alkaline earth ions c 2 =» ~3’5. 

We can make an estimate of radius of the electronic orbit from 
magnetic data in the following way: from (9) we have 

X M - - 2f*- -2-85X10 10 - -0-80 X10*« N 

6m c* N k 

Hence f* - - ( 53 X10- •)*.(12) 

This shows that the root mean square value of the radius of electronic 
orbit for heavy orbits is roughly equal to that of the innermost orbit of 
hydrogerf (r='532x 10" 8 cm.). But this deduction has very little signifi¬ 
cance beyond showing that r 2 is of the reasonable order or magnitude. 
In general the agreement is much less striking for other ions, as it 
naturally should be, for r 2 gives only mean value of the radii. 

In recent years attempts have been made by Hartree,* Pauling,+ 
Slateri and others to calculate X-values theoretically with the help 
of equation (9) by assuming continuous electronic charge distri¬ 
bution of ions as postulated by the new quantum mechanics. As the 
methods are in controversial stage, we shall not enter into their 
discussions here. 


361. Langevin’s Theory of Paramagnetism. —As already 
remarked on p. 787, Langevin§ gave a mathematical precision to 
Weber’s ideas, and worked out a theory of paramagnetism which 
has been highly successful in explaining Curie’s result X=C/T. 
The fundamental assumptions in Weber’s picture are (i) the ultimate 
constituents of matter are each a small magnet, (ii) they are hap¬ 
hazardly arranged when no magnetising field acts on them. 

The first assumption has been completely vindicated in Bohr’s 
picture of the atom, and by the direct experimental proof by 
Stern ajjd Gerlach, which showed that all atoms possess magne¬ 
tic moments of p B gj, where p B eh/inmc is the Bohr-magneton or 
the magnetic moment of an electron rotating in an orbit. But when 
Langevin worked out his theory, such definite pictures Were Absent. 


A Hartree, Proe. Camb. Phil Sbe., 24, 89,1928. 
f Pauimg, Proc. i%. Soe. A., 114,181, im 
gj Slater, Phm liev., 36.67,1980. ’. V #V 

foPhy^A, 678, - 
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He proceeded only with general ideas. He supposed that when 
the substance is placed in a magnetic field the constituent particles 
tend to set themselves with their axes parallel to the magnetic 
field. But this is resisted by the chaotic heat motion of the par¬ 
ticles, and ultimately a condition of equilibrium is established. 
The mathematical theory is as follows : 

Let 0 be the inclination of the magnetic axis of a particle to 
the direction of the external magnetic field. Its potential energy in 
the field is 

0 

fpH sin 0 dO = p/7(l —cos O) .(13) 

•> 

o 

where p*=the molecular magnetic moment. According to Maxwell's 
law, the number of molecular magnets possessing the moment within 
a solid angle rfco is 

dn = Ce kT ' C0S Ac ° cos 6 sin B dO . . . (14) 

where a = \iHlkT and A is a new constant = 2 jc Ce~ a 

Then the number of molecules per unit volume is obtained by 
integrating the expression (14) between 0=0 to 9=n ; we have 

7T 

n = A [ e aeosft sinO dO = A — 

J a 

0 


The maximum magnetic moment due to n molecules is given 
by the expression 

a 0 = n\i 

Again let p « mean resolved magnetic moment of the particles 
along the field direction. Let a — ftp. We have then 


0 *=f\jL cos 0 dn = M fc ac0Bft cos 0 sin 0 dO =» p 


in 

da 


Therefore 


H, 


tfo 


p 3 n ,, 1 

, -— = coth a — r- 

p n c a a 


L (a) . (15) 


. v ' ••.femotion £ (a) is known as the Langevin function. For 
sipall Values of a, we can have a power-series expansion of L{ o) 


ai 




J; 

$ : 


t , \ <* a® , a 8 

L H ~ 3 45 + 478 
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For large values of a 

L(a) - 1 - — + 2c-2a 
a 


(17) 


If a be very small, as is usually the case when \xH< <kT f we 
can neglect powers of a higher than unity in the expansion (16), 

and the expression (15) reduces to so that 


\i 3 3 IT 14 3/ 7’ * • * 

Thus the gm-mnlecidar susceptibility X.v is given by 
_ iLV n 1*N _ 0 / 


X.M — 


H MT 3RT 


(18) 


(19) 


where o 0 = p N = gm-molecular magnetic moment. 

The justification for the above approximation becomes very clear 

from the curve in Fig 15. This 
is obtained by plotting the 
function L( a) against a. It 
will be seen that over an 
extended range the curve 
coincides with its tangent at 
the origin. For large values 
of a, the curve shows that 
there is saturation, the numeri- 
16 cal value of P/p approaching 

unity. This also follows from the expansion (17). 

At ordinary temperature, with the magnetic field usually avail¬ 
able, even the strongest paramagnetics give a very low value of a. 
Thus for Mg, for which p=32,800 for a x gm-atom at about 27°C, 
taking //=20,000 Gauss, we have 



l*atom H Pgm. a t. II 32800 X 20000 
IT ~ NkT 8*3Xl<j 7 X300 


0*026. 


While for a = 100, p/p is within 1% of its saturation value 1. So 
for the paramagnetics in general, a is much smaller than its 
saturation value, and we may replace the Langevin-function by its 
tangent at the origin. From the geometry of the curve L{a) ■» 
coth a - 1/a, the tangent to it at the origin is a/3, which justifies our 
approximation p/p ~ a/3. 

We can further conclude from (19) that the paramagnetic suscep- 
o^^ility varies inversely as the absolute temperature. This explains 
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the result first obtained by Curie from extensive experimental 
researches (vide supra) and expressed in the form Xm T « Cm , 
where Cm 88 the Curie constant for a gra-molecule. Most of the 
paramagnetic gases and solutions obey this law over a wide range of 
temperature. Among the solids gadolinium sulphate Gd 3 (SO*)*, 
8H 2 0 is one of the few substances which has been found to obey 
Curie’s law accurately down to the lowest temperature of 1*3°K. 

Further we obtain from (19) that the gm-molecular moment 

Go = V'SRiyT = 'JzRCm .( 20 ) 

which enables us to calculate the magnetic moment \i from a know¬ 
ledge of Curie’s constant Cm. 

An example will perhaps help the student towards a better 
understanding of the principles set forth above. Take the case of 
FeCl 2 « It is a highly paramagnetic substance, and its magnetic 
susceptibility at 10°C is given by 

%rn « 91X10-", Xm - 91X127X10-" - 1156X10“ 2 

Hence the gm-molecular magnetic moment 
Go - y/MtTXx - \/3X8 t 3XT6’ X283X1166X10’* = 2*8X10 1 

Therefore the molecular magnetic moment \i = =4*5X10- 20 

units. 

It should be noted here that the FeCl 2 molecule is supposed to 
consist of Fe + + and two Cl-ions. Since Cl is diamagnetic by consti¬ 
tution, the above magnetic moment is contributed wholly by Fe ++ , 
which is the active ion in this case. The magnetic moment of Fe ++ - 
ion in the solid state may be expressed in terms of Bohr-magneton. 
It is 4*5X10- 2O /9*23X10- 21 = 4*87 Bohr-magnetons. 


362. Weiaa** Extension of Langevin’s Theory. —The result 
of extended investigations shows however that very few substances 
strictly obey the theoretical Curie law XmTCm, but the results 
agree tolerably well if we take a slightly modified law 


G 

T-e or T+e 


( 21 ) 


where 0 is a constant which depends upon the nature of the 
substance. 
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Most paramagnetic solids as well as ferromagnetic substances 
above Curie point follow the Weiss law (21). For example, 
investigations of Jackson* shows that anhydrous, hydrated and double 
sulphates of Fe, Co and Ni follow the law 

x = . 

between 290° K to 70°K (temperature of liquid nitrogen). The values 
Table 5. °f magnetic moment p 

and Weiss constant 0 for 
a number of these sul¬ 
phates over this range of 
temperature is given in 
Table 5. 

A similar law is 
followed by MnSOi 
(C -0*0283, 0 - - 28*3) 
down to about 70°K. But 
below this temperature it 
is found that the relation 
between l/X and T is no 


Substance 

0 

V 

Fe S0 4 

-31 

25*53 

Fe S0 4 .7H 2 0 

- 1 

25-84 

FeS0 4 .(NiI 4 ) 2 S0 4 .6H 2 0 

- 3 

27-5 

Co SO, 

-44'9 

25*2 

Co S0 4 .7H 2 0 

-13-9 

25*04 

Co S0 4 .(NH 4 ) 2 S0 4 .6H 2 0 

-22 

24*75 

Ni S0 4 

-794 

169 

Ni S0 4 .7H 2 0 

+ 59 

14*62 

Ni S0 4 .(NH,) 2 80 4 .6H 2 0 

- 4 

159 


longer linear, the increase in X being less rapid than that given by (21). 
This deviation is known as cryomagnctic anomaly f and is exhibited 
by many substances at low temperatures. 

WeissJ has tried to account for the modified Curie law in the 
following way. He suggested that for these solids the effective 
magnetising field causing orientation of the particles is not merely 
the external magnetising field JI, but it is supplemented by an 
internal field Hi due to the surrounding ion& Weiss took this inner 
field to be proportional toAhe intensity of magnetisation /. Thus the 
effective magnetising field 

He = 11+ Hi- H+AI .(22) 

where A is the constant of proportionality. Though the internal 
field is supposed to be due to the magnetic particles surrounding 
the particle in question, its real nature is still a matter of 
speculation. (See, for example, Van Vleck, Electric and Magnetic 
Susceptibilities , p. 304). 


* Jackson, Phil. Trans . A, 224,1, 1923. 

f The effect was discovered in the Crvogenic Laboratory at Leiden 
by K. Onnes and his callaborators in their low temperature investigations, 
g • X Weiss, Jour, de Phys 6 (4), 661*1907; 1, 134, 1914, 
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Assuming the existence of such a field we can now revise the 
equations (18) to (20). We have consequently 


e_ #M+g) .( 23 ) 

[i 6k l 

We use a = N\ I, o<> = N\i in the same sense as before. Further 
if p =» density, and m = molecular weight, the intensity of magneti¬ 
sation I — po/m. Then we have 


or 


- - * - 575. («+ ^ 
Oo |i V m / 



paodp \ __ p.Oo j, 

Wfm) '6kT 


rpi t v l u _ \ioJMT __ o„ 2 /3R 

Therefore, Xm — a/H j -^Xp/Skrin T- aj 


//^ 


or, 


ri 

X,u - rr ; > where 0 = Apoo*/31lm 

1 u 


. (24) 
• (25) 


For substances which obey the Weiss law, there arises a pro¬ 
bability for the spontaneous magnetisation in the absence of any 
external field acting. For when the external field is zero, we have 

\ille _ \iAl_ o 0 A o a 0 2 Ap a 
°“ IT kf RTm ^ RTm’ao 

Therefore — = ^rj~ a .(26) 

o 0 00 Ap 

In such a case, the magnetisation is entirely due to the interaction 
field. Also in general, we have 

coth a - - .(27) 

G 0 OL 

Thus at the particular temperature which satisfies simultaneously 
the two relations (26) and (27) the phenomenon of spontaneous 
magnetisation must occur. These equations are best solved graphi¬ 
cally as shown in Fig. 15. The dotted line (2) represents the 
relation (26) and the full line (1) the usual Langevin function. The 
two curves intersect at the origin as well as at A, where the slope 
of the curve is much less than that at the origin. This gives the 
condition for spontaneous magnetisation 

sr*** i ^ T<> 

This temperature may be regarded as a transition temperature below 
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which the substance becomes ferromagnetic. Thus Weiss hypo¬ 
thesis predicts the existence of a Curie point. 

Though in this way, an ad hoc explanation of the modified Curie 
law X =* C/{T-0) has been given, the theory is not capable of explain¬ 
ing why 0 sometimes takes a negative value. This can be explained 
only if we assume that H e = H — AI, Le., the induced molecular field 
acts in an opposite direction to the external field. But such an 
assumption is contrary to classical ideas as this yields a negative value 
of the Curie temperature, as expression (25) shows. 

Weiss*s assumption of molecular fields led to some understand¬ 
ing of the phenomenon of Ferromagnetism. 


The Weiss Magneton. 


Weiss and his co-workers carried out a large number of experi¬ 
ments on paramagnetic salts and solutions, chiefly of the transitional 
groups of elements (Sc to Cu), to verify the correctness or otherwise 
of formula (21). He found that the relation was generally correct; 
further he deduced the important conclusion that the magnetic 
moment M appeared to occur in multiples of a fundamental unit, 
thus pointing to the existence of atomicity in magnetic phenomena. 
The numerical value of this unit was found to be 


M — 1123*5 gauss X cm. 

for a gm-molecule, and 1’85X10" 21 gaussXcm. for a single molecule. 

This quantity received the name of the Weiss-magneton , but as 
we shall presently see, it has got no theoretical basis. 

Thus in the numerical example of FeCl 2 given above, we have 
\i — 4*5X10* 20 . The moment expressed in the corresponding Weiss- 
magneton number, which is usually denoted by p is given by 

4*5X10'" 20 


V 


1*85X10" 


25*9 


The Weiss-magneton numbers calculated for a number of compounds 
are shown in table on p. 796. 


363. Application of the Quantum Theory.— -The Weiss- 
magneton was so far a purely hypothetical physical unit and lacked 
theoretical basis. After the successful explanation of the hydrogen 
spectrum by Bohr, it was natural to suppose that an electron revolv¬ 
ing in an one-quantum orbit may correspond to the Weiss-magneton. 
But no quantitative agreement could be found on this basis, as 
can be shown from the following calculation t 
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The magnetic moment of an electron revolving in a circle of 
radius r has been shown [vide cqn. (5) J to be 

ecor 2 
14 " “2c 


Now according to Bohr 

mr 2 co 


uh 

Ik 


Hence p = -—---.(28) 

n Akcm 

or p is an integral multiple of the elementary quantity chignon, 
to wliich the name of Bohr magneton is usually given, it is gener¬ 
ally denoted by p„. 

But on substituting the values of e, h and c it is found that 


\X N «* 5593 gauss X cm. 

Thus we see that the magnetic moment possessed by a normal 
ll-atom is not identical with the Weiss-magneton. In fact we have 
taking p rr =1123T> 


~ 4*()67 nearly 5) .... (29) 

pir 

The cause of this failure is quite apparent. The atoms and 
ions whose magnetic moments were measured by Curie, Weiss and 
others cannot be represented by the hydrogen model. For example, 
*%ken we measure the paramagnetic susceptibility of FeCl 2 , we 
suppose that Fe Cl 2 is an ionic compound, consisting of one Fe H “ + ion, 
and two Cl ions. The Cl-ion is magnetically neutral (diamagnetic), 
hence the magnetic moment measured is that of Fe+ + ion. Appa¬ 
rently a complex structure like Fe+ + cannot be represented by 
a hydrogen model, which is the basis of the above theoretical 
calculation. 

The difficulties have gradually been cleared up as our know¬ 
ledge in atomic physics has advanced. The reader can easily see 
that for a successful theory of paramagnetism, a knowledge of the 
electronic structure of atoms and ions, and of the coupling relations 
amongst the constituent electrons is necessary. Hence a study 
of complex spectra, and of complex Zeeman effect should first be 
made. * It is known from these studies that every atom can be 
regarded as a magnet with the magnetic moment p B gj where 
/dinner quantum number, and gr«Land£ factor. 
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This atom, when it is placed in a magnetic field, cannot place 
itself at any inclination 0 to the field as was supposed in Langevin's 
theory. It is oriented only at some definite angles, given by the 

relation cos0 =tw//, where j~ 1,.- j (vide Fig. 7, p. 405, 

where these orientations are graphically shown). The hypothesis 
received confirmation from Stern and Gerlach's experiments which 
have already been described (ride §214). In the light of this hypo¬ 
thesis, Langevin's theory now requires a complete modification. 

Let us now calculate the average magnetic moment of a system 
of such atoms when they are placed in a magnetic field*. 

The energy of an atomic magnet with a given m (magnetic 
quantum number) is now 

E = \x B gj II (1 - cos 0) = \i B gj II - [i p gmll 

We now find the probability W m of the atomic magnets of pos¬ 
sessing the magnetic quantum number m. This is 

WJ« B oU 

W m « CerW' 7 .(30) 


where 


A ~ Ce 


mb & h 

kT " 


and 


= m it 

kf 


Now A can be obtained from the condition that 2 Wm = 1. 

TH = -j 


The average magnetic moment is given by 


- kT S W m n? a 
~ // ZW,„ 



a 


W m m . 


(31) 


mgHjjU 

Since mgy. B H is small compared to kT, we replace e hT by 


1 + 


kT ' 


Then (30) gives 


2 WmlA = 21 + <x2 m = (2/ + 1).(32) 

where the summation is taken over m=j to -j, so that the 
second term vanishes. 

Hence A = 1/(2/ + 1) 

— k,T kT 

and V ** m+T) 2 am (! + am ) - ]j(2 j +T) + a ^ mi ) 

Now 2 m = 0, and 


W - 

4 3 


* This calculation was first given by Hund, 7k. f. Phya., 33,855,1925. 
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Hence 

3 lcT j{l+1) '■ ■ ■ 

. . (33) 

The gm-molecular susceptibility Xm is now given by 



Xm ~ 3 kT j{j+1)N • • • • 

. . (34) 

We can put this in 

Langevin's form if we substitute 



o' = Ng |X B \Jj{j + 1). 

. . (35) 

Then 

Xm SK'J . 

. . (36) 


Expressing the moment o' in terms of the Weiss-unit p w , we get 
the Weiss-magneton number 

"" .V. (3,) 


Substituting for Xm from the modified relation ( 36 ), we get 

V - Vj(j+ 1 ) =4-97 0 s/jXj+l) .... (38) 

[AW 

This is the quantum mechanical expression for paramagnetic 
moment first obtained by Hund. Later on it was variously modified 
by Sommerfeld, Laporte, Van VIcck, D. M. Bose and Stoner for 
obtaining better agreement with experimental values. We shall 
consider these in the following sections. 

364. Discussion of Results. —The theories sketched above can 
apply only to assemblies of monatomic gases or ions. But such a 
paramagnetic gas is rarely known or has yet been investigated. The 
only monatomic paramagnetic vapour that has been so far investigated 
is that of potassium by Gerlach*. It has been found that between 
600° C and 800°C the vapour obeys Curie's Law and Xm = 0‘38/T. 
The normal state of K is 2 S±, and the theoretical value according to 
(34) is = 0*372 /T. Though the agreement between experiment 
and theory is quite good, Gerlach does not claim an accuracy of 
more than 10%- As regards diatomic or triatomic molecules like 
O* or NO the above results cannot be applied without suitable 
modification. 

Let us therefore apply these equations to the measurement of 
magnetic moments of paramagnetic bodies in the form of solutions 
or crystals given in Table 6. In these bodies the gaseous condition 

♦ Gerlach, Atti. de Congress Ini . dei Fisiet, 1,119,1927. 

Ft 101 
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Table 6.—Magnetic moments ( p-values ) of Ions of the First 
transitional group. 


Electron structure 

19 

d 

20 

d 2 

21 

d 3 

22 

d 4 

23 

d* 


25 

d 1 

26 

d« 

27 

d 9 

Ground 

term 

*Da 

a 

3 f 2 

*'» 

a D 0 

* 8 i 


‘ Ff 

3 F 4 

•D, 

4'97 g \//V+T) 

... (Hund) 

7*7 

8*1 

39 

0 

29*4 

33*6 

33*2 

28*0 

17*7 

4*97 4* (s+1) 

.... (Bose) 

S'C 

14*1 

19*3 

24*4 

29*4 

24*4 

19*3 

14*1 

8*6 

4*97 V4*(H-l)+/t/+l) 

(Van Vleek) 

14*9 

22*2 

25*8 

i27*2 

29*4 

27*2 

25*8 

22*2 

14*9 





Cr 3 

18*2 - 10*1 

Cr 2 
23*8 J 

-24 

Ke 3 

20 - 29*5 

Fe 2 

265 

Co 2 

23-25 

Nl 2 
16- 17 

1 

Cu 2 

9-10 

1 


Solution 

V* 

8’C* 

Tl 2 

V 2 

190* 

Mn 3 

25 

Mn 2 

29*4 





Observed 
values of 

P 



V s 

12’6*t 

- 140 
(eff.) 

Mn 4 

19*9 








Solid Salts 

V 4 

7*9- 

8*9 

y:. 

9*5 

Cr 3 

179- 

18*9 


Fc 3 

28*7- 

29-1 

Fe 3 

25-27*5 

Co 2 

22-26 

i Ni 3 

14*5-17 

Cu 2 

9-n 





Mn 4 

19*8 

Mn 3 

25 

Mn 2 

27-30 




1 


Row 3 gives the p-numbers calculated according to Hund. 

...4. . . . numbers calculated according to I). M. Rose. 

...5. . . . numbers calculated according to Van-Vleck. 

... 6, 7, 8,. . experimental values when the salt is in solution. 

... 9,10, . . ,. . ... when the salt is in the solid state 

may be supposed to hold good as a first approximation. Taking the 
case of FeC-lf, if we suppose this to consist of Fe ++ -ion bound to 
two Cl-ions, then since Cl is diamagnetic, the paramagnetism of FeCl 2 
must arise wholly from the Fe + *-ion. We find that according to 
measurements p 26*5. Let us compare it with the magnetic 
moment of Fe + "Mon calculated from spectroscopic principles. 

The composition of Fe ++ is ... 3d 6 . The lowest state is 5 D 4 for 
which j = 4, g ==* f. If we suppose that all Fe +,f -ions in the compound 
are in this state we should have 

p = 4-97 g Vjtj + 1) = 33-56 

This is very much different from the experiment value 26*5. The fail¬ 
ure of Hund's formula is not only confined to Fe**, but it extends to 
other ions of the first transitional group, as a glance at Table 6 shows. 


* 8. Freed, Jour . Am. Chem. Soc 49, 2456, 1927. 

+ Bose and Bhar, Zs. f. Phys, 48, 716, 1928. Both Freed and Bose, 
and Bhar measures X at one temp, in 293°K, hence the symbol (eff.V 
t Cabrera and Pina, An. Soe. Esp. Fis. y Qmm , 17, 149, 1919. Other 
dfcfca have boen collected from Van vleck's and Stoner's books, 
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The value of p has been found to vary to some extent on the 

state of dilution, the nature of chemical combination etc.Thus 

Chantillon* found for Co ++ - 
ions p-values varying from 22 
to 26. The consideration of 
such cases is beyond the 
scope of this book (vide Van- 
Yleck, Electric and Magnetic 
Susceptibilities , p. 298). 

The results are better dis¬ 
played in Fig. 16 in which the 
number of d-electrons in the 
incomplete shell is taken as 
abscissa and the corresponding 
^-values as ordinates. The 
thick vertical lines denote experimental values. 

It is seen from Table 6 and Fig. 1(3, that there is absolutely no 
agreement between experimental values, and the p-values calculated 
from HumTs formula ( 38 ). We shall return to the discussion of 
other formulae mentioned in Table 6 presently. 

Paramagnetism of Rare Eartii Compounds. 


P 

30 

20 


10 


18 20 22 24 26 28 

Number of Electrons in the ion. 

Fig. 10. Magnetic moment of elements of 
the first transitional group. 

-Hund, 

“V- — — Bose, 

- \ - Van-Vlcck. 



But better agreement was found by Ilund in the case of 
compounds of rare earths. As mentioned on p. 585, these compounds 
are mostly trivalent, as illustrated by GdCl ;l , and if we suppose 
that the binding is ionic, the compound consists of triply ionised 

Gd +++ surrounded by 3 
chlorine ions. The para¬ 
magnetism is entirely due to 
the triply ionised rare earth 
ions. According to §289, 
these in the gaseous form 
have the electron structure 
4 f* where x varies from 0 in 
La to 14 in Lu. We suppose 
the RS-coupling to hold 
good, and calculate p-values 
according to formula (38). 
The results are shown in 
the atomic number of the 



La Ce Pr Nd II Sm Ea Gd Tb Dy Ho Er Tm Yb Lu 

67 69 61 63 65 67 69 71 


Pig. 17. 


Magnetic moments of elements of the rare 
earth gronp. 


Table 7, and Fig. 17, where 


* Chantillon, Ann- de Phys., 9, 187, 1928. 
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elements from 57 La to 71 Lu have been plotted as abscissa, and the 
corresponding p-values as the ordinates. The thick vertical lines 
represent the experimental values, the dotted curve shows the values 
calculated according to Hund’s theory and the full curve those 
according to Van Vleck’s. 


Table 7 .—Magnetic moment ( p-values) of rare earth ions. 





Term 

Theoretical value 
of p 

Observed value of p 


+++ Ion 

Hund 

Van 

Vleck* 

Cabrera 

(sulphate) 

Deckerf 

(solution) 

Williams 

(oxide) 

57 

La 

: 

'So 

000 

... 


... 

Diamag. 

58 

Ce 

¥ 

* F f 

12-65 

11-9 - 

11-89 

1045 

1743(?) 

59 

Pr 

4 f 2 

3 H 4 

17*88 

17-9 

17-90 

1698 

11*40(?) 

60 

Nd 

4/ 3 

4I ? 

1803 

18*0 

1799 

17-18 

17-06 

61 

11 

4 f* 

6 I« 

13*34 

? 

... 

... 

... 

62 

Sm 

4 f 5 

6 H S 

2 

4-179 

7-6 

765 

8091 

7816 

63 

Eii 

4 f° 

7 Po 

0 

18-0 

17-96 

... 

... 

64 

Gd 

4 f 1 

8S 1 

3954 

39 

4084 

39-08 

37-07 

65 

Tb 

4 f 8 

7 f 6 

48-30 

479 

4775 

48-75 

... 

66 

Ds 

4 f 9 

6H f 

52-72 

52-2 

5224 

54-20 

... 

67 

Ho 

4/ 10 

S I 8 

52-72 

52-0 

52-24 

51-76 

50-24 

68 

Er 

if 11 

% 

47 75 

470 

47"?1 

47-21 

45-82 

69 

Tu 

if 12 

3 H 6 

37-85 

358 

„S5"82 

... 

... 

70 

Yb 

if 13 

2 F, 

2 

22-39 

21-6 

21-88 

22-39 

.. 

71 

Lu 


'S 

0 

0 


5-970(?) 

2-44(?) 


Explanation of the Table. 

Column 1 . . . . contains the number of electrons in the ion, and the 
structure of incomplete shells. 

.2 • • • . Lowest term due to the given electron structure. 


* J- Y? n Vleck and A. Frank, Phys. Rev ., 34,1494, 1929. 
t H. Decker, Ann. d. Phys., 79, 324, 1926. 
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Columns 3 and 4 give theoretical values of Hund and Van Vleck. 
The last three columns show the values experimentally observed by 
Cabrera, Decker and Williams. A few words of explanation are necessary 
on the experimental values of magnetic moments of the paramagnetic ions 
as given above. Deckerf used solutions of sulphates dissolved in suitable 
solvents in all cases except for La, Ce and Pr for which he used nitrates 
of these elements. Cabrera,* * * § St, Meyerf and Zernicket experimented 
directly upon the hydrated solid sulphates in all cases. We have given in 
Table 7, only the values due to Cabrera, as those due to other two authors 
are also in fair agreement in most cases with these. Williams§ on the 
other hand made measurements on oxides. 

It will be seen that the values obtained from solutions as well as pure 
solids are in good agreement with those theoretically calculated. This 
shows that under both these circumstances, ions exist in free states at 
least with respect to their 4/-shells. The values for Ce and Pr obtained by 
Williams are however specially low. Van Vleck is of opinion that in the 
case of oxide of Ce perhaps a large percentage of Ce 0 2 was present in the 
sample rather than Ce 2 O 3 . The former contains Ce + 4 -ion which should 
be diamagnetic like La+ 3 . The binding of Ce which is stronger in oxides 
than in most other compounds may also affect the shell by interatomic 
affinity. Impurity also probably plays an important part specially in the 
case of Pr 2 0 3 and Lu 2 0 3 . 

But even in this table it is found the /^-numbers for Eu and Sm have 
no pretence of agreement with Hund’s theoretical values. We shall come 
to these cases later on. 

Attempts have been made in recent years to account for the anomalous 
results in the iron and in the rare earth group of elements. A short 
account of them is given below. 

(a) D. M. Bosell showed empirically that the formula 

p * 4’97%/47(7-f iy ......... ( 39 ) 

agreed better as far as the first transitional elements are concerned. The 
p-values calculated from this formula are shown in row 4 of Table 6 . There 
is good agreement up to g ? 6 after which however the disagreement is rather 
large. The formula does not hold good for rare earths. 

(b) Sommerfeld and Lap or tell argued that when the multiplet inter¬ 
vals calculated for the lowest configuration are small compared to kT, we 

* B. Cabrera, Compt. Rend ., 180, 668 , 1925. 

f St. Meyer, Phys. Zeits., 26, 51, 478, 1925. 

t Zernicke and James, Jotirn. Am. Ghent. Soc ., 48, 28, 27, 1926. 

§ E. H. Williams, Phys . Rev ,., 12,158, 1918; 27, 484, 1926. 

II D. M. Bose, Zss /*♦ Phys ., 43, 864, 1927. 

11 Sommerfeld and Laporte, Zs. f. Phys., 40, 33, 1926; Laporte, ibid., 
74,761,1928. 
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are not justified in assuming that all ions are in the lowest level. We 
should rather postulate a Maxwellian distribution amongst the levels ob¬ 
tained from the lowest value of state. They obtained in this way the 
formula 

d- 4-87 / g ffl + ').? (>+')■ e~ chf ' /kT .(40) 

where hvy is the energy difference between the particular ./-level concerned 
and the ground state. 

From this they worked out two cases, first when the multiplet separa¬ 
tion is supposed to be very large compared to kT, and the second when this 
is very small compared to kT The first reduces to Hund’s case. The 
formula however fails to give any agreement with the observed values. 

Van Vleck* gave a very complete treatment of paramagnetism on 
the basis of new quantum mechanics, and obtained the expressions: 

(a) When the multiplet interval is large compared to kT 

X =■ — ^ + ii + Na (j ) . (41) 

3 kT W 

where \in =*efe/4Jtw 0 c and a (j) is a contribution from second order Zeeman 
terms, i.e., a term due to the component of the magnetic moment perpen¬ 
dicular to the angular momentum vector. 

(b) When the multiplet interval is comparable to kT 

JVS b 2 K j(j+l)/3kT+ a U )1 (2;+ 1) e- 
* £( 2 ?+ 1 ) e- 'mr * • ' (42 > 

The additional term a (j) is generally negligible, but becomes quite 
important in the cases where l and s are large, the resultant j being small. 
Such cases arise for Sm +++ and Eu +++ to which this formula has been 
applied with complete success. 

(c) When the multiplet interval is very small and it is assumed that 
l and $ are not coupled to form a resultant j, btit they are quantised 
separately with respect to the field, the magneton number is given by 

p=4’97 s/iijs+fy+i (i+1)..(43) 

This formula, as a glance at Table 6 shows, is also not in agreement with 
experimental facts. The results of this discussion seem to be that Hund’s 
formula gives good results for rare earth ions, while Bose’s formula holds 
for the first half of the transitional elements. Bose has tried to justify 
his formula on the supposition that for the Fe-group it is only the spin 
moment of the electron that is effective in producing paramagnetism. 
The ^-moment for some reason disappears. 


♦Van Vleck, Phys. Rev.. 31, 587, 1928 ; 34, 1494,1625,1929. 
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Stoner* has offered an explanation along the line developed below. 
He thinks it necessary to take into account the possibility of a definite 
interaction between the paramagnetic ion, and the surrounding ions and 
molecules. 

According to him the ideal RS-coupling between the spin vector 
and /-vectors of d*-electrons assumed implicitly in Hund’s formula is 
not applicable to salts of the iron group, as the free ion interacts with 
the ions and molecules surrounding it. Under these conditions, the ion 
(or the shells of d* -electrons) can no longer be regarded as free. What 
will be the nature of the influence exerted by the interaction of the 
foreign ions and molecules ? Stoner thinks that for the iron group at 
least, the influence on the resultant ^-vector will be negligible, but the 
/-vectors of the (/-electrons will be strongly influenced. The ion may still 
behave as relatively free as far as the resultant s is concerned. 

The effect of /-moments therefore largely disappears, thus justifying 
D. M. Bose’s assumptions. 

But for the rare earths, the paramagnetism arises from the 
4/** -shell. Now the incomplete 4/’-electron shell may be supposed 
to be surrounded by the 5.s 2 , 5p f '-shells which shield it from the 
influence of the foreign ions and molecules. The usual coupling 
relations between the electrons in the 4^-shell remain undisturbed. 

In support of this view, attention may be drawn to the fact 
that while salts and solutions of the Fe-group show continuous 
absorption of light, the rare earth compounds and salts show 
approximate line absorptions whose positions do not vary much 
with the nature of the compound or the solvent. This may be 
explained by the assumptions that the lines are due to intertransi¬ 
tion amongst the metastable levels of the fundamental electron 
configuration 4 f x . 

The disagreement between the experimental values and the 
theoretical values calculated according to Hund's formula for the 
cases of Sm +++ and Eu +++ has been removed by Van Vleck and 
Frankf. Approximate calculations show that the separation of 
the lowest levels is about 930 cm" 1 for Sm +++ , and 250 cm" 1 
for Eu +++ , while the value of IcT at room temperatures is about 
200 cm" 1 . Hence X-value should be calculated out not on formula 
(41) which applies to multiplet intervals large compared to kT\ 

* Sfconer, Phil . Mag., 8, 250, 1929. 

f Vide Theory of Electric and Magnetic Susceptibilities t by J. H. Van 
Vleck, p. 245. 
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but on formula (42) which is for intermediate multiplet intervals. 
Van Vleck and Frank's calculations show that the disagreement 
disappears under this condition. 

Paramagnetism Independent of Temperature. 

Quite a number of solids shows a feeble paramagnetism 
independent of temperature and comparable with diamagnetism 
in order of magnitude. To this class belong a great many pure 
solid elements, e.g., the alkalies and the alkaline earths, as also a 
number of salts like KMn0 4 , K 2 Cr 2 0 7 , K 4 Fe(CN) G , etc. In many 
cases, as, e.g ., in the Pt and Pd metals and in many ferromagnetics 
above the Curie point a constant paramagnetism* is superposed 
on the variable paramagnetism. Theoretically the existence of this 
feeble paramagnetism may be understood on the basis of the 
degeneracy phenomena in Fermi-Dirac Statisticsf or of interatomic 
interactions proposed by Van Vleck.$ Consideration of this 
phenomenon is beyond the scope of this chapter. 

365. Dia and Paramagnetism of Molecules. —We have 
seen that the diamagnetism of a number of atoms and of mono¬ 
nuclear ions having inert gas structure and spherically symmetrical 
charge distribution can be explained by the Langevin theory at least 
to a first degree of approximation. In the case of paramagnetism 
also, the susceptibilities of the ions of the rare earth and transitional 
groups of elements can be calculated with fair accuracy from the 
theories of Hund, D. M. Bose and Van Vleck. But coming to the 
cases of dia and paramagnetism of molecules we find that the above 
theories no longer hold. The reason is that the electronic charge 
distribution of molecules is considerably modified by their vibrational 
and rotational motions as well as by the nature of the couplings 
involved. Thus a molecule should be diamagnetic when its resultant 
orbital and spin moments vanish, but as we shall see presently, the 
simple theory of diamagnetism when applied to such a molecule 
gives only an upper limit to its susceptibility, and that with greater 
approximation, the more its charge-distribution approaches the 
condition of spherical symmetry. In the case of paramagnetic 


* Mile A. Serreo, Dissertation , Strassbourg , 1981. 

1 P ^, 15 ’ 2 s «• 81 > 1927 ; J. Frenkel, ibid. 49, 31, 1928. 

t Van Vleck, The Theory of Electric and Magnetic Susceptibilities , 

p> o47. 
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molecules, the calculation of their susceptibilities involves the 
knowledge of their spectroscopic states depending on the coupling 
relations, as well as on the multi pi et intervals on those states. 


Diamagnetic Molecules. 

Experimental investigations on the diamagnetism of molecules 
were carried on by Pascal,* and more recently by Bhatnagar 
and others, Pascal from an extensive series of measurements on 
organic molecules concluded that the gram-molecular diamagnetic 
susceptibility of a molecule, Xm , can be expressed as the sum of those 
of its constituent atoms as 

Xm - 1' X A + l 

where X is a correcting factor which depends upon the nature of the 
chemical binding of the atoms. Further, Bhatnagar and others have 
shown that for molecules forming electronic isomers, the diamagnetic 
susceptibilities bear a simple relationship with the molecular radius 
calculated from the radii of the atoms on the assumption that the 
packing is close. Those empirical laws however do not elucidate the 
problem in any way, except showing merely a few regularities. 


On the basis of the new quantum mechanics, Van Vlecloj* has shown 
that the gram-molecular susceptibility of a polyatomic molecule with 
resultant spin and orbital moments zero, is given by the expression 


X.u = -£-,2 

o me 2 


*+}N X 


hi (n * 9 u) | 2 
7iv (■///, u) 


(44) 


Both the terms on the right, hand side are independent of the temperature, 
the first term being* the one which for mononuclear systems in the bSo-state 
gives the diamagnetism. The origin of the second term is difficult to con¬ 
ceive in terms of models. (u , n) is a nondiagonal term in the angular 
momentum matrix and corresponds to the transition n f to n. For diatomic 
molecules this part may be supposed to arise from the rapid precession of 
the perpendicular component of the orbital angular momentum vector about 
the axis of the molecule. It thus appears that Langevin’s formula repre¬ 
sents only an upper limit to the diamagnetism of molecules, and estimates 
of 7*2 made with its help are liable to be too high. 

But the fact that such estimates are generally of the right order of 
magnitude as also the fact that diamagnetism, of many organic molecules 
may be found by adding together the contributions of the constituent 


* P. Pascal, Ann. de Chim. et Phys, % 1908—13; also later papers in 
Comp. Rend. 
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atoms (as foiiiui by Pascal and known as Pascals law) show that the 
second term is in general much smaller in magnitude than the first. Van 
Vleck and Frank have made a rough theoretical calculation of the second 
term for the hydrogen molecule and found it to be about 10/4 of the first. 

When the nuclear field departs more and more from central symmetry, 
we have reasons to believe that the second term increases in magnitude. 
That some molecules have a constant paramagnetism independent of tem¬ 
perature may be explained by saying that the second term mentioned above 
is in these cases greater than the first. 

Paramagnetism of Diatomic Molecules* 

When the multiplet intervals are small compared to kT> Van Vleck 
has shown that, regardless of the fact whether the couplingf is of the 
Hund-type (a) or (b) or intermediate, the molar susceptibility is given by 

X - 3^-145(S+l) + A 2 ].(45) 

where |X/< is the Bohr-magneton, S is the resultant spin and A the total 
orbital quantum number for the molecular state. 

When the multiplet intervals are large compared to JcT 


1 ~ wr fA+2 ~ j2 .(^) 

Here the coupling is in general of the type (a). 

Diatomic molecules have generally ] v 0 - normal states, except 0 2 and 
NO. Mullikent has shown from band spectrum analysis that the ground 
state for 0 2 is 3 £. Since states are practically devoid of fine structure, 
we apply formula (45) above and putting 1, A 0, find * 


8AKi _ 99B 

SfcT' T 


(47) 


At20°C, X from above is 3*39 X 10" 3 . The observed values range from 
3 81.10* 3 to 345.10- 3 . The agreement is thus very good. 

The NO-molecule offers a very convenient example for the study of 
the finer points in Van Vleck's theory. Birge finds the normal state to be 
2 Jt with /iAv approximately 120 cin- 1 . T„he interval thus becomes 
comparable to JcT and none of the above two formula* can be applied. 
Van Vleck || shows that the effective magneton number is given as a 

* The student should read this section after he has acquired a know¬ 
ledge of molecular spectra. Note that Sin eqn. (46) stands for parallel 
component of the spin angular quantum number S. 

t These refer to Hund's (a), ( b) types of coupling. See Hund, Zs . f. 
Phys.y 36, 657, 1926. 

t Nature, Feb. 27, 1926; also Jenkins, Barton and Mulliken, Phys. 
Rev., 30, 150, 192/. 

II Theory of Electric and Magnetic Susceptibilities y p. 269. 
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function of temperature by 


M-eff 




1 — 0 - 4 ? Xe -x 

x+er* 


)■ 


where x 


hAv 

kf 


178 

T 


■ ( 48 ) 


At 20°C, this gives 1'836. The experimental value of Bauer and Piccard 
is 1*86. 

The above formula for the temperature variation of NO has been 
tested experimentally by a number of observers of whom Wiersma, De Haas 
and Capel used the longest range of temperatures, viz., from 112 8°C to 
292*1°C. The relative variations calculated theoretically and found experi¬ 
mentally are in perfect agreement. 


Polyatomic Molecules. 

The analysis of spectra for such molecules is not far advanced. 
We can in general assume that the entire orbital angular momentum is 
of the same nature as the perpendicular component of the orbital angular 
momentum for diatomic molecules. Hence there is no first order 
contribution to the magnetic moment of the molecule. If, however, there 
is a resultant spin, the susceptibility may be expressed by 

4A> ;*(£+!) 




HkT 


-+ Na . 


. . (19) 

The above 


where Aa is the small residual effect of the orbital moment, 
formula assumes small energy of coupling between the spin and the rest 
of the molecule, which is justified. 

Gases are mostly diamagnetic. Cases where magnetic measurements 
are available for polyatomic molecules with resultant spin ( i.e ., with odd 
number of electrons) are not very common. As far as is known to the 
authors the only cases are CIO 2 and NO 2 for which the values are given 
below: 


Table 8. 



X M at 20°C 

Calc. Obs. 

Author 

Remarks 

i. «=0) 
\) 

1-27x 10- 4 1-34x10- 4 

-10X10- 4 21 x 10- 4 

Taylor 

Son6 

Solution 


It is very likely that ionisation or polymerisation changes the value for the 
free molecule. 


366. The Gyromagnetic Effect. —A brief description of gyro- 
magnetic effect has already been outlined earlier in this chapter. 
The subject will now be studied a little more closely, both from the 
theoretical and experimental points of view. 


* J. Amer . Chem . Soc,, 48, 859, 1926, 
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As mentioned in §355, the ratio of the mechanical to the mag¬ 
netic moment for the orbital motion of the electron is 


R - 


a 

I* 


2 me 
e 


(50) 


Substituting the values of ni, c, c we get R =~ — 1*16X10’' . In a 
paramagnetic body, we may suppose that atoms are themselves 
magnets, and the effect of maguetisation consists in the partial fixing 
of the axes of the orbits along the line of the magnetising field. The 
total gain in magnetisation due to this process, therefore, also 
produces an equivalent gain of angular momentum of carriers. In a 
solid body, as the atoms are not free to move, the effect of magne¬ 
tisation will be a rotation of the body as a whole with the reaction 
momentum iu the opposite direction. The ratio of the total mecha¬ 
nical momentum «/ = 2 a to the total magnetic moment M = 2 M* is 
therefore given by 


J - MR 


(51) 


Richardson* in 1908 obtained a correct idea of the amount of 
rotational motion which accompanies magnetisation, but his experi¬ 
ments were inconclusive. The first successful experiments on this 
line were performed by Einstein and de Haas in 1915 though the 
reverse experiment on the gyromagnetic effect was successfully 
carried out a year earlier by S. J. Barnett (§369). As the moment 
is extremely small, Einstein and De Haas devised out an ingenious 
method of amplifying the deflections by resonance. We give 
below an account of this and subsequent improved experiments. 


367. Experiments on Gyromagnetic Effect. —It is seen from 
(51), that the rotational couple is proportional to the intensity of 
magnetisation, hence though theoretically the gyromagnetic effect 
may be observed for all dia, para and ferromagnetic solids alike yet 
it is far too small for the para and diamagnetics, and the measure¬ 
ments are not practicable. It is only for the ferromagnetics which 
acquire large magnetic moments even in weak fields, that the effect 
can be observed with any accuracy. The experimental method is 
directly suggested by the theory. A rod of some ferromagnetic 
material is to be suspended vertically and magnetised suddenly, say 
by means of a current-bearing solenoid surrounding it. The resulting 


*0. W. Richardson, Phys. Rev., 26, 248, 1908. 
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rotation of the rod is to be noted by some sensitive arrangement. 
The difficulties in such experiments are however numerous. For 
instance, the magnetic axis of the suspended wire may not be 
exactly vertical, so that a small horizontal component of the 
magnetic moment may exist which will be affected by the earth's 
horizontal magnetic field. To eliminate this, the effect of the 
earth's field on the specimen must be neutralised and the horizontal 
component of the moment must be reduced to a minimum. In the 
same way, various disturbing forces may come into play masking 
entirely the effect which is already very small. 

The first successful experiments of Einstein and De Haas* 
were as follows. An alternating current was used in the mag¬ 
netising coil, and its frequency was adjusted to be the same as the 
natural frequency of the suspended system. The specimen was 
magnetised by quick reversals of the current and the maximum 
amplitude of rotation of the system was noted. If T denotes the 
moment of the rotational couple and 8 the amplitude, the equation of 
motion is given by 

18 + KO + V 8 = T .(52) 

But T - (Ujdt = R tin* 

where X = mass susceptibility and n/ 0 ~ mass of the specimen. 
Now the periodic magnetic field can be represented as a Fourier 
series. But at resonance, all terms excepting that corresponding 
to n l can be neglected We may put 

» 4 

11 =* w Ho cos mat = - • ■ Ilo cos co/ 

1 JT 

Then equation (52) becomes 

I 8 + K 8 + CO 4■ HI )rio H 0 sin co£ =* 0 
Solution of this equation gives the resonance amplitude 

4 R .(fiS) 

JT A 

We have now to evaluate A"and H 0 . K can be easily obtained 
by observing the damping of the suspended system, for 
taking £«=the period of oscillations, and txj, a* two successive 
maximum amplitudes on the same side, the logarithmic damping 
X = In (at /a 2 ) is given by 

A7/27, K = 21l/t 

* A. Einstein and De Haas, Vcrh. d. D. Phys. Ges ., 17, 152; Einstein, 
ibid,, 18, 173, 1916; De Haas, ibid ., 18, 423, 1916. 
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Hence from the value of 0 m and X, R can be calculated. 
Using this method Einstein and De Haas obtained 72—0* * * § 98 Ji o, 7.C., 
within 2% of the theoretical value, where 72=experimental and 
72 0 »s theoretical ratio. 

This original method of Einstein and De Haas was repeated 
by Beck* (1919) with great improvements in technique*and both 
iron and nickel were experimented upon. He found the value 
Ii~ O'53 R 0 which is nearly half of Einstein and De Haas's 
value. Stewartf and later Arvidssont repeated these experiments 
using resonance methods and obtained the results if«0*49 Ro and 
0 47 Ro ±5% respectively. 

The next accurate experiment for the determination of 



Fig. 18, Suck smith and Bates** 
apparatus. 


gyromagnctic ratio was performed by 
Chattock and Bates§ by using a more 
direct method. They magnetised a 
vertically suspended iron wire by means 
of a solenoid carrying a current which 
surrounded the wire. The magnetic 
moment was measured by a standardised 
magnetometer. The amplitude of rota¬ 
tion of the wire due to sudden magne¬ 
tisation was observed by a reflecting 
mirror arrangement. The torsional co¬ 
efficient of the suspending fibre and 
time of swing of the system being 
known, the mechanical moment was 
calculated from the observed deflection 
as explained. Thus the ratio It was 
determined. They obtained the same 
result as Beck, 72= 0*5 R <>. 

Mofe recently Sucksmith and Bates II 
have repeated the experiment on rota¬ 
tion by magnetisation using a null 
method (1925). Their apparatus is 


shown in Fig. 18. 


* E. Beck, Ann . d. Phys 60, 109, 1919. .» 

t J. Q. Stewart, Phys. Per., 11, 100,1918. 

t G. Arvidsson, Phys. Zeits ., 21, 88, 1920. 

§ A. P. Chattock and L. F. Bates, Phil Trans, A , 233, 257,1928. 

II W. Sucksmith and L. F. Bates, Proc. Roy. Soc . A f 108, 638, 1925; 
104, 499,1932. 
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L .... the rod to be tested. It is suspended from the torsionhead 
T by means of a thin German-silver wire G. 

C . .. . the magnetising coil through which an A. C. current passes. 
The rod L is suspended symmetrically along the axis of C. 

D .... an aluminium wire attached to the lower end of L. It 
carries a small mirror m and a number of small magnetised 
needles E. 

BB... a small pair of Helmholtz coils, so situated that the 
needles E lie at their centre. 


J .... a coil placed inside the magnetising coil C coaxially with 
L. It forms a part of the secondary circuit containing the 
resistance /?, the Helmholtz coil BB, the commutator K 
and the switches Q. 

A .... an ammeter which may be connected to the Helmholtz coil 
with the help of the switches Q, and the H-coil may be 
calibrated by using a known current from the battery. 

An A. 0. current is passed through C, its frequency being adjusted 
very nearly to the natural frequency of the suspended system. 
The magnetisation of the rod L is thus periodically reversed, and the 
rod oscillates about its axis with a maximum amplitude. It 
induces a current in the coil J the magnitude of which is regu¬ 
lated by means of the resistance R. This current flows through BB, 
and as a result a momentum is imparted to the needle magnets E 
which exactly balances the momentum of the system due to the 
gyromagnetic effect. 

The flux through the secondary coil, due to the intensity of 
magnetisation I in the primary, and a magnetic field H is given by 

iV = (II + 4?t/) .v / n 


where s=areaof cross-section and /= length of the specimen rod and 
number of turns per cm. of the coil J. The induced current is 




1 (IN s l n j 4 dl , dH \ 

7‘ dt ~ 7 l 4 * 7(t + dt ) 


The angular momentum imparted to the magnets is 
J - jx kit - (4rt I+H) 

where the couple due to unit current. The magnetic moment 
of the specimen is 


M = hi 
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Neglecting H compared to 7, we at once get 

R ~ir- iJ r JL .'•»’ 

X may be determined by passing a known current « 0 through BB 
and noting the deflection 0 of the system from the relation — 
where c = torsional constant of the suspending wire. 

Using this method Sucksmith and Bates obtained the values of 
li/Ro =0*503 for iron 0*501 for Ni, and 0*515 for Co. 


368. The Gyromagnetic Anomaly: Application of Quan¬ 
tum Theory. —From all the experiments described above, except 
one due to Einstein and De Haas, a consistent discrepancy 
{R/Ro —0*5) is observed between the experimental and the theore¬ 
tical values of R. This is sometimes known as the gyromagnetic 
anomaly. It called for a modification of the simple formulation of 
the gyromagnetic effect in equation (50), as given by Richardson. 
This was achieved by the application of quantum theory to the 
phenomenon. 

From the quantum theory of Zeeman effect, the resolved mag¬ 
netic moment of the atom is given by 


p = mg 


eh 

4j vn 0 c 


and the mechanical moment ft 



Thus we get 


ft ^ 2 me 


(55') 


where g — Landers splitting factor (see §222). Thus the modified 
relation between the mechanical and magnetic moments become 


jJ 1 2 me 
J/"“ g V 


(55) 


Thus the determination of R enables us to calculate g for the normal 
paramagnetic or ferromagnetic atoms, and thereby to gain direct 
knowledge regarding the magnetic condition of the carriers. 

The quantum theory makes it clear that R/R 0 should be equal 
to the reciprocal of the Lande factor (eqn. 55), so that the anomaly 
disappears if for Fe and Ni, we assume g = 2. A reference to the 
quantum mechanical expression for g on page 425 at once shows 
that this is the case when /=*=(). The gyromagnetic experiment 
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therefore leads us to the conclusion that for the ferromagnetics, 
only the spin moments of electrons contribute to magnetic 
moment, and the orbital moments are inoperative.* This view is 
supported also by recent gyromagnetic experiments of Sucksmith 
and others. 

Thus I). P. Ray Chaudhurif has performed experiments on 
oxides of iron and nickel by using these substances in powdered 
form packed inside thin glass tubes. He used a resonance method 
similar to Sucksmith *s, with apparatus highly evacuated, so as to get 
large resonance oscillations, and obtained the results R = 1*008, 
1*016 and 1*022 mc.jp (R 0 being 2 mc/c) for Fe^O*, Fe 2 0 3 and 
NiO. Fe 2 0 3 respectively. 

Coeterier and Scherrer* have obtained a value of R = 1*01 mcje 
for iron in powder form. 

All these results support the value g =* 2 for iron. But an 
experiment of Coeterier on pyrrhotite in powder form which shows 
well-known ferromagnetic properties gives g = 0*63. This value is 
surprisingly low. 

If ferromagnetism arises entirely from electron-spin, we expect 
g — 2, if however the electron system is supposed to be distorted by 
the fields of the neighbouring atoms, g may lie between 1 and 2, the 
value of R being correspondingly increased. Van Vleck\s§ suggestion 
that two types of ions with ^-values | and 2 may be simultaneously 
present in the iron lattice may be noted in this connection. 

Sucksmith II has recently developed a method for measuring R 
for paramagnetic substances of rare-earth series. He has obtained 
for Dy +3 -ion in I)y 2 Oa, g = 1*36 experimentally. Hundt gives the 
ground term of the ion as ' Hn which leads to the theoretical value 
g =* I- The experiment is therefore in excellent agreement with the 
theory. 

Sucksmith$ has extended hir method to ions of the first 
transitional group and to other rare-earth ions. His results are 
summed up in Table 0. 


* This was first pointed out. by D. M. Bose from a study of the magnetic 
moments of ions of the first transitional group (vide p. 805). 

+ Ray Chaudhuri, P.R.S. Dissertation . 
t Coeterier and Scherrer, Helvetica Physim Acta , 1932. 
s Van Vleck Etectric and Magnetic Susceptibilities . 
j| Sucksmith, Pros. Roy. Soc. A , 128, 276, 1930. 

11 Hund, Zs. f. Phifs., 33, 855, 1925. 

$ W. Sucksmith, Proc. Roy . Soc. A y 133, 179, 1931; 135, 276, 1932. 

F. 103 
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Table 9 .— Values of g for ions of the first transitional and rare-earth 
groups of elements as determined from the gyromagnetie ratio , 
and calculated from theory (Suclcsmith ). 


Ion 

Ground 

Term 

^ 9 . 
(Experi¬ 
mental) 

9 

(Theoretical) 

Remarks 

Cr +++ 

4 F 

20 

2*0 D. M. (Bose) 

Agreement with theory: 
/-moment inoperative. 

Mn ++ 

60 

b f 

2*0 

20 


Fe ++ 

5 d 4 

T9 

2-0 

» 

Co ++ 

4 F it 

T5 

20 „ ) 
T27 (Sommerfeld-11 
Laporte) J 

No agreement with 
theory, /-moment may 
be partially operative. 

Gd +3 

8o 

212 

20 

Agreement with all 
theories, since here 
/=0. 

Nd +3 

4T 

0*77 

i 

0752 (Van Vleck) 

Agreement with Van 

Vleek’s theory (vide 
p. 806, eqn. 43). 

Eu +3 

7 F 0 

>4'5 

j 


Result inconclusive on 
account of experimen¬ 
tal difficulties. 

Dy +3 

fin 
n i r> 

2 

1*86 

T38 (Hund) 

Agreement with 
Hund’s theory. 


As explained on p, 805, various formulae have been proposed by 
Sommerfeld, Laporte, D. M. Bose and Stoner, Van Vleck and others to 
account for the paramagnetic moments of these ions. In D. M. Bose 
and Stoner’s theories the /-moment is assumed to be inoperative. 
It will be noticed that this hypothesis is supported by the results of 
gyromagnetie experiments for ions of the first transitional group. 
The only exception is Co** which agrees with none of the theories. 
It is supposed that in this case the /-moment may only be partially 
operative. The ions of the rare-earth group give results in 
agreement with Hund or Van Vleck’s theory, in which both / and 
^-moments are taken to be operative. These conclusions are exactly 
similar to those arrived at from considerations of paramagnetic 
moments. 
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369. Barnett’s Experiment.—In the foregoing sections we 
have discussed the experiments in which an angular momentum is 
produced by magnetisation of ferro and paramagnetic substances, 
and have studied how it throws light on the nature of the elementary 
magnets constituting them. We shall now consider another effect 
which demonstrates the intimate connection between magnetisation 
and mechanical motion. This effect consists in the observation of 
magnetisation of substances produced by their uniform rotation 
round an axis. This phenomenon is not to be regarded however as 
the converse of the first phenomenon, as its underlying reason is a 
little different. 

Consider an electron revolving in an orbit with an angular 
velocity co. If we now impose a further rotation by some external 
agent, so that the angular velocity now be cod-Aco, the additional 
rotation will be equivalent to a precessional motion of the orbit with 
angular velocity Aco. We have seen in §207 that the effect of apply¬ 
ing an external magnetic field H on the electron revolving in a closed 
orbit is the precessional motion of the orbit with an angular velocity 
Aco = cll/'lmc , which is the famous Larrnor theorem . In the present 
case we may consider the reverse effect to be taking place, so that 
the precession of the orbit set up by the external rotation will result 
in the generation of a magnetic field II given by the Larrnor theorem 

Ao,.(56) 

e 

If u = number of revolutions per second, Aw = 2it //, and we get 

IIjn = = 7'1X10' 7 gauss/r. p. s. . . . (57) 

Expressing this in terms of ratio of the magnetic field and the 
angular velocity of rotation, we have 

R - ///Aw - 2. —.(58) 

e 

This effect was first observed by S. ,J. Barnett * in 1914, and in fact 
constitutes the first experimental observation in the whole domain of 
gyromagnetism. 

In the experiment two iron rods about 7 cms. in diameter and 
84 cms. long were taken. Each of these rods was surrounded 
with a solenoid, the two solenoids being exactly alike. The number 

* S. J. Barnett, Phys. Rev., 6, 171, 239, 1915; Jottrn. Wash. Acad. Sci., 
11, 162, 1921; Phys. Rev., 17, 404, 1921; 20, 90, 1922. 
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of turns in each was about 5000. The solenoids were connected in 
opposition to a flnxmeter, whose deflections were read to tenths of 
mm. at the scale distance of 8 meters. Any change in the earth's 
field generated equal and opposite e. in. f/s. in the two solenoids 
and thus the flnxmeter was not affected. Oue of the rods was then 
rapidly rotated at a rate of about 3000 revolutions per minute. The 
rotation of the rod generated a magnetic field //, which magnetised 
the rod and the flux thus produced was measured by the fluxmeter. 
The field 11 was determined by comparing this change of flux with 
that produced by the application of a small uniform magnetic field on 
the specimen parallel to the axis of rotation, By using this method 
Barnett obtained a result of ii—0’98 tnc/e, or H/n^ 31X10" 7 
gauss/r. p. s. within an error of 15%. This value is about half the 
value to be expected from the theory described above. 

8. J. Barnett and L. J. H. Barnett* made in 1925 a careful re¬ 
determination of the ratio by using a magnetometer method. In this 
an astatic magnetometer was mounted with the centre of the lower 
magnet system in the axis of the rod under investigation. The 
magnetometer deflection produced by reversing the direction of 
rotation of the rod or the rotor driven at a constant speed was 
noted. The corresponding magnetic field was determined by 
comparing this deflection with that produced by reversing a known 
magnetic field in the rod parallel to its axis. The substances 
investigated by Barnett arc Co, Ni, some Heusler alloys, Fe-Ni, and 
Fe-Co alloys. The mean value of R^Hju obtained for all these sub¬ 
stances is TOG mc-le with an error estimated as not greater than 2%. 
There is no certain evidence of any difference between the gyromag- 
netic ratios of the elementary magnets in different substances. 

The ratio thus obtained is again almost half the theoretical 
value. This anomaly has been explained exactly in the same way 
as in the Kiustein-De Haas effect already described. It arises 
because of the fact that the magnetisation of iron—as Heisenberg 
has shown—is produced by the free electron, that is, the electron 
possessing the spin only, and no orbital moment. For a spinning 
electron Larinor's theorem is modified and the precessional 
velocity is not given by eqn. (5G), but by the expression 

H ~g~ A co.(59) 


. * S. J. Barnett and L. J. H. Barnett, Proe. Amer. Acad. of Aria and 
Sciences, 60, 125, 1925. See also ibid ., 66, 273, 1931, .. 
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where y is the Lande factor. If the spin alone is present and 
the l moment is imperative, we get g— 2. Hence 

R «■ III A© = JIM = = mc/c . . . (60) 

0 0 

If on the other hand, the spin is absent and the electron 
possesses only orbital motion, g= 1, and R=2wcle as given by (58). 

This effect has so far been measured only in the case of ferro¬ 
magnetic substances.* 
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APPENDIX 


Note 1.—Comparison between Different Systems 
of Electrical units. 

In our studies of the phenomena of Electricity and Magnetism, we are 
confronted with two systems of units corresponding to the two main divi¬ 
sions in which such phenomena occur. These are: (1) electrostatic, in 
which electricity is supposed to he at rest, (2) electro-dynamic, in which 
electricity is in motion and is detected by the magnetic effect which .it 
produces in the space about it. Thus we find that if two pith balls, each 
1 cm. in radius, be charged with equal quantities of electricity and placed at 
1 cm. apart, then if they repel each other with a force of 1 dyne, each pith 
ball is said to possess one unit quantity of electricity. But we define the 
same quantity from the standpoint of current electricity in a widely differ¬ 
ent way. A unit quantity of dynamical electricity is that which deposits 
mbs gm-atoms of a positive monovalent electrolyte (say, Ag) from a 
solution of silver salt. It is difficult at first sight to see the connection 
between the two quantities. But electricity, whether measured by its statical 
effect or dynamical effect, is one and the same ; the two units should differ 
only in a numerical ratio. Let us suppose that the e.m. unit is x times 
larger than the e.s. unit. We have now to find out the value of x . 

It is clear that in order to find the value of x, we must produce the 
same effect by known quantities of (1) static electricity and (2) current 
electricity and compare the magnitudes of these effects. A number of 
methods can be suggested. According to experience, when 10 coulombs 
(1 e. m. u. unit) of electricity pass through a silver salt solution, gm- 

atoms of Ag is deposited. Now suppose we take a condenser of capacity 
C and charge it to the e. s. potential V. The quantity of electricity stored 
is Q~CV. Let this condenser be now discharged through an electrolytic 
tube containing some silver salt, and measure the amount of silver depo¬ 
sited. Let it be y gm-atoms. 

Then in e.m. units the measure of the amount of electricity is 9645 y. 
Hence we have 

9645 y *» Qfa a~Q/9645t/ 

This experiment* though simple in theory, cannot be practically realized 
under laboratory condition as x is too large. Hence some practicable 
method should be devised. 
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It can be shown that static electricity bound in a condenser can produce 
steady deflexion in a galvanometer, i.e., if the condenser is alternately 
charged from a source of e.m.f. and discharged through the galvanometer, 
the latter would show a steady deflection. 

We can calculate the equivalent resistance as follows: we have the 
current =» quantity of electricity flowing per unit time » (quantity dis¬ 
charged at each contact) x(n the number of chargings per sec.). Denoting 
the current by i> we have i**CVn e.s. units. The equivalent resistance 

V/i^l/nO e.s units. 

Now let the corresponding resistance measured in e.m. units be R f . 
Generally R* is very large, hence it is measured by a Wheatstone bridge 
arrangement. 

Now what will be the magnitude of R* ? We can calculate it as 
follows. Since CV 2 is the energy, it has got the same magnitude on both 
systems of units. But CV being the charge in the e.s. units, it is equal to 
CV/x e.m. units of charge. Hence the e.m.f. V must be equal to Vx e.m. 

units. Hence R\ the resistance in e.m. units is given by R f *■ 

=*x 2 /Cn. Thus we get 

a* - R'/R - nCRf 

Further since the dimensions of the quantities on the right hand side 
are [n] = T’ 1 , [ C ] ** L, [R’\ = LT’ 1 , hence dimensions of \x\ = LT** 1 ; 
thus the ratio x has the dimensions of velocity. In fact it was 
found first by Weber and Kohlrausch, and later confirmed by the accurate 
determinations of Rossa, Thomson, Abraham, Pallat, and Glazebrook that 
x =* 3*0001 X 10 10 , which is identical, within the limits of experimental 
error, with the velocity of light. This identity, as is well-known, led 
Maxwell to his famous theories correlating the phenomenon of light pro¬ 
pagation with the propagation of electromagnetic waves. 

Starting from the ratio of these two fundamental units, viz., the unit 
quantity of electricity in e.m. units, and that in e.s. units, we can calculate 
the ratio between units of other derived quantities, e.g. f potential, resistance, 
capacity, inductance, etc. ... which occur in the measurements of electrical 
and magnetic phenomena. Thus for electric resistance we have calculated 
the ratio to be \/x 2 . 

We next consider the ratio of e.m. units to practical units. The prac¬ 
tical units are based on two assumptions which were introduced for 
the sake of convenience. These assumptions are : (1) one practical unit of 
quantity of electricity =» 10’ 1 e.m. units; (2) one practical unit of 
energy ** 10 7 ergs {Joule). From these the practical units for other 
quantities have also been evolved. We collect in the table below the 
dimensions and ratios of e.s., e.m. and practical units of various 
quantities. 
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Comparison of different systems of units. 
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The unit of capacity in the e.s. measure has the dimension of length, 
and is measured in centimeters . This is the capacity of a sphere of radius 
one cm. Hence one e.m. unit of capacity « x 2 = 9xl0 20 cms. This is 
the capacity of a sphere of radius 9x 10 15 km. which is nearly equal to 
the distance from the sun to the nearest star. The practical unit is Farad 
= 10“ 9 e.m. units = 9x10 11 cm. Very often a still smaller unit, the 
microfarad , is used. 1 microfarad (pF) = 10“ 6 . Farad ** 10“ 15 e.m. units 
= 9xl0 5 cm. 

The unit of inductance in the e.m. units is also a centimeter as 
L » J ds ds f cos Q/r, where ds and ds f are two elements of length, r is the 
distance between them, and $ is the angle which their directions make with 
each other. 
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Note 2.—Methods for the Determination of e/mc for Electron. 

For these see the account by W. Gerlach in ffandbuek der Physik . 
22, l, 1926. 


Note 3.—Motion of the Nucleus (p. 335). 


Let G be the centre of gravity of the two particles the electron E 
and the proton p y and let ( x , y , z) and 
(X, Y, Z) be their coordinates referred to any 
axes. Then we have 



d 2 x „ 

m -777T - 


M 


d 2 X 


dt* ~ dt* 

and two other pair of such equations in Y 


and Z-coordinates. 

The forces are equal and opposite, and directed along the joining line. 
Hence we have 


d 2 x , d 2 X A 
m dt 2 +M dt* = 0 


or 


d 2 

dt 2 


(mx 4- MX) = 0 


But mx 4- MX = (m+M) X , where X, Y, Z are the coordinates of 
the centre of gravity of the two particles. 

d 2 — 

Hence we have -r. „ X » 0,.... etc. 

ctt i 

iX'i X = cij, t 4* Px j Y =* cty t 4* py , Z =* ctg / 4 P^ . • (l) 

i.e.j the c.g., of the system moves with uniform velocity. We can without 
loss of any generality, suppose the c.g., to be at rest. 

Let us now take G as the origin of coordinates (r, Q\ and let r=GE, 
/2=Gp, and let Ejo *» r 4- R » a. 


Then we have 


r 


M+m' 


R 


n m+M 


( 2 ) 


The equation of motion of the elec Iron E is 


m (r — rfli)'- -e 2 /a 


r*$ - k (const.) 

Then using (2), we get 

atff = k (const.) 
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Thus the motion of E is the same as if p is fixed, and m is replaced 
by The quality \i is known as the “reduced mass.” 

The kinetic energy of the system is 

T = im(r2 + r ?6 *) + + W$ 2 ) 

Using (2), we easily see that it reduces to 

T - i p (a* + a 2 0 2 ) 

The angular momentum of the system about G is 

-f J//? 2 0 = p a 2 $ 

Hence all that we are required to do is t> substitute mM/(m + M) in 
place of m in Bohr’s equations given in §164. 



Note 3-A.—Relativity Form of the Orbit (p. 356). 


In § 180, in the discussion of the energy of the electron when the 
relativity correction for energy was taken into account, the form of the 
orbit was not calculated. This can be done by proceeding from eqn. (86) 
on p. 356. We have 

Pl + P 2 e/r* -M+MtL -(*„)*.(36) 


(me) 2 .(36) 


Wo have jig = const. = ]) (Kepler’s Law), and if we put u = 1/r, it can 
be easily seen that p r / Pg -* — du/cO. Equation (36) transforms into 

(E + e 2 Zu ) 2 l me \ 2 ... 

This can be simplified into the form 

)’ - - f> - P) 2 + 8 2 .(A') 

/ e 2 Z \ z 

where f 2 = 1 - \ pc } ’ an ^ ^ vve P ut P 83 we have 

/ 2 =1 — a 2 Z 2 //c 2 , where a is the Sommerfeld fine-structure constant; 
arid 

.. .. ( B ) 

1 pc f* fpc V 

Integrating (A 7 ), we have 

w — P+ cos (fO) « P [1 + £ cos (/■ 6)] . . . . (C) 

where e 2 = [l—(fnie 2 /E) 2 ]/(\ —f 2 ) .(C 7 ) 

It can be seen with a little labour 
w ^ en £ 19 different from 

yr / / A unity, we get all the results on 

f / 7 P* 342, for 

'-I - _ 

l r/TTyi 2k / Now putting ]) — fcft /2 ji, \/l—/*2 

xJc l J - a Z/k t f 1, 2? = me 2 + IF s me 2 , 

/ we have 


///> 


2k* 


Fig. 

Again from (B), we have 


" k2 -~ TniwnZ * which is *»“• ( 25 > 

of p. 342. 
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Now E cannot be put me 2 , but me 2 + W, where W is small compared 
to me 2 , and equal to — £ ma 2 Z 2 c 2 /(n'+k) 2 . 

Hence (l-s*) = £ z ~ =— “ (l J+k)' which is e <» n - < 23 > of 
p. 342. 


The Form of the Orbit. 


The form of the orbit is given by 

« » 1/r * P ( l + e cos f 0) .(C") 

which differs from the equation of a conic section u =(1+8 cos $)/l only 
in fO being substituted for 0. 

We see from (C") that r is maximum when 


16 « Jt, 3:t, 4 jt, .... 2 n+ i Jt. 
We have theji r — 1/(3 (1 —e). 

On the other hand, r is minimum, if 


fO = 0, 2jt,.2 n Jt. 

We have then r ~ l/(L + e)(3. 

The angle between the two apses are 

Jt//*« Jt(l - ^~§r) 1 = 71 ( l + approximately. 


Thus the angle between the successive lines to the perihelion are Jt a 2 Z 2 /k 2 . 

With the aid of these results, we can visualize the form of the orbit 
Let the centre of force be denoted by O, and draw two circles of radii 
r = 1/(3 (L-e) and 1/(3 (1+e) (Fig. 2) where these circles are denoted in 
thick. The dotted lines represent the perihelion lines, and the points 
Ai, A 2 , . . . . denote the points at which the perihelion line touches the 
outer circle, and the points Bi, B 2 . . . . denote the corresponding points at 
which the aphelion line touches the inner circle, at successive revolutions. 
Thus the apse line is advancing, and the electron is describing a spiral 
curve limited between the two circles, which are envelopes of the perihelion 
and aphelion respectively. 

The angular velocity of the perihelion motion is 

na 2 Z 2 /,„ to _a 2 Z 2 
ol “ k 2 11 ” 2 ' k 2 " 


The orbit is thus an ellipse whose perihelion is advancing with the 
velocity ft , or more rigorously with the angular velocity co (I//*—1). 


Note 4.—Thomas Precession. For an account of this see 

Birtwistle, The New Quantum Mechanics , p. 194. 





Note 5.—A Few General Informations* 


1 . We have mentioned on p. 589 the recent announcement of the dis¬ 
covery of element number 93 by Koblic* in pitchblende. But in a 
subsequent issue of the Nature he has contradicted the announce¬ 
ment, as his further searches for the element have yielded negative results. 
(Nature, August, 1934). 

2 . On p. 749 it was mentioned that the nebular lines X 4959 and 5007 
ascribed by Bowen to the 0 ++ transition s Pi — *D 2 have not been 
produced in the laboratory. In a recent paper Nagaoka and Futagami 
claim to have produced these lines in the laboratory by sending a 
disruptive discharge through oxygen. [ Proc. Imp . Acad . Tokyo , 9, (4), 
1933]. 

3. The auroral lines X 5577, 6300, 6363 due to forbidden transitions 
of oxygen have also been found by Grotrian in the spectra of nebulae. 
(Zs. f. Astr ., 2, 78, 1930). 


* o. Koblic, Nature, 134, 55 , July 14 , 1934 
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PHYSICAL CONSTANTS* 


Angular momentum unit hj2n = 
Avagadro-Loschmidt number N ■ 
Bohr-magneton \i = eh/in m.c = 

Boltzmann constant k = 

Compton Wavelength h/mc = 

Electronic charge e = 

Faraday = 

Fine-structure constant a =* 2jt e^/hc = 

a 2 « ( 5*305 ±0*008) 10-*, 1/a = 

Grating constant for calcite at 20°C d = 

Mass of electron m = 

Mass of proton M = 

Mass of a-particle M a = 

Magnetic moment of proton eh/in Me = 

Planck’s constant h * 

Quantum constant h/k = 

Radius of the nor-) , nll n n 

i tt a. \ a 0 =*h 2 /&K 2 e 2 m « 

mal H-atom J 

Ratio of charge to mass of 

an electron 

Ratio of masses of proton 
and electron 
Rydberg constant R^ «2jc 2 w?e 4 //& 3 c 

Rood 2 


* (1 *0420 ± 0*0013). 10 - 27 erg. sec. 

* (6*064 ± 0*006). 1023 
■(0*9175±0*0013) 10“ 2 n erg/gauss. 

(1*3709 ±00014). 10- ,e erg/degree. 

= (2*417 ±0*005). 10-cm. 
s (4 770±0*005). 10 - 10 abs. e. s. u. 

* 96494 ± 5 int. Coulombs per gm.- 
equiv. 

> (7*284±0*006). 10-3. 

= 137*29 ±0*11. 

* (3 0283 ± 0 0010). 10 - 9 cm. 

= (9*035 ±0010). 10 " 28 grammes. 

= (1*6609 ±0*0017). 10 “ 24 grammes. 

= (6*598±0002). 10 " 24 grammes. 

= (0*4967 ±0 0010). 10 - 23 erg/gauss. 

= (6*547 ±0008). 10 - 27 erg. sec. 

= (4*7757±0*0019). 10 - 11 sec. degree. 

= (0*5285±0*0004). 10 - 8 cm. 

| cjmc = (1‘761 ±0*001). 10 7 abs. e.m.u./gram. 

) Mfm = 1838±1. 

109737 42 ±.006 cm-' = 1354 volts. 
5*822±0009 cm " 1 


Stefan-Boltznann constant a — (5*714 ± 0006) 10 " 5 . erg. cm .- 2 

sec .- 1 degr.- 4 . 

Velocity of light in vacuum c = (2*99796±0*00004). 10 t0 cm/sec. 

1 A. U. - 10-8 cm. 1 X. U. = 10“ 11 cm.; 1 \i = 10“ 4 cm.; 1^1 = 10“ 7 cm. 
If v =» wave number, V — volts, hvc — eV. 10 s /c = kTergs. 

To convert wavelength A, into electron-volts, divide 12340 by A, in A. U. 
To convert electron-volts into wave-numbers, multiply by 8106. 

To convert wavelength A, into kilocalories, divide 286000 by A, in A* U. 

To convert volts into kilocalories, multiply by 23*018. 

To convert ergs into electron-volts, multiply by 0*6285 xlO 12 . 

To convert electron-volts into ergs, multiply by 1*5911 X 10“ ,2 . 


* Adopted from the compilations of R. T. Birge, Phys. Rev. Supply 1 , 1 , 
1929; and those of F. Gopel, F. Henning, W. Jaeger and others, Handbuch 
der Physikj 2, 1926, 
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A, the separation factor, 717 
for equivalent electrons, 718 
for non-equivaloent electrons, 718 
observed and calculated values of, 
720 (table) 

A and B Coefficients of Einstein, 610 
Absorption, 
experiments on, 140 
mechanism of, 140, 326 
negative, 621 
selective, 193 

Absorption coefficient of X-rays 
atomic, 212 

mass, 212, 498 (table) 
mathematical relations of, 504 
variations of, with wave length, 500 
variations with At no., 501 
Absorption edge, 439 
explanation of, 439 
Absorption filters, 602 
half-value thickness of, 503 (table) 
selective, 504 
Absorption jumps, 507 
empirical relations in, 511 
values of, 509 (table) 

Absorption of X-rays, 209, 497 
experimental methods, 497 
in the long wave length region, 474, 
498 

levels in, 444 
study of, 513 
universal curve of, 509 
Absorption spectra 

due to excitation of inner electrons, 736 
of Hg, 737 
Actinium, 

constants, 126 (table) 
discovery of, 112 
genealogy related to, 131 
series—chart of, 124, 130 
structure of, 588 
Actino-lead, 131 
Actino-uranium, 130 
Aether, 179 

Age of earth, Kelvin's calculation of, 

169 


Age of minerals 
from He contents, 170 
from lead contents, 171 
from radioactive data, 168 
table for, 172 
Air, conductivity of, 1, 2 
Alkali elements, 
effective quantum no. for, 542 
excited states of, 535 
explanation of ionisation potential of, 
369, 376 

hydrogenic and non-hydrogenic terms 
of, 514 

isotopes of, 95, 97 
resonance lines, 376 
resonance potential, 376 
spectra of, 361 
Alkali spectra, 534 
doubling of levels in, 423 
Zeeman-splitting in, 396, 400, 407 
426, 429 
Alpha particles, 
absorption of, 140 
and Helium atom, identity of, 
139 

charge on, 137, 138 

chemical actions of, 114 

counting of, by Begener's method, 

136, 

curved tracks of in high 
magnetic field, 134, 143 
deflection'of, under electric field, 134, 
135 

distance of nearest appi’oach of, 154, 
162 


e/m of, 135 
heat evolved by, 166 
ionisation produced by, 142 
magnetic deflection, 

— accurate measurement of, 134 
magnetic deviation of, 188 
mass and charge of, 186 
MUc . 

—E— of ' 134 
MU*c 
~'W 


of, 134 
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Alpha particles—( contd.) 
nature of, 81 I 

range of, 140 j 

rate of emission of, 187 j 

scattering of, 152 

— large angle, 153 ! 

— small angle, 148 

scintillations produced by, 114 j 

stoppage of, 164 \ 

stopping power of substances for, 142 
straight collison of, 162 
tracks of, 81 
velocity of, 113 

— Bragg’s determination of, 147 
Ampere’s theorem, 403 I 

Anode j 

composite, 88 j 

hot, discharge tube, 88, 95 i 

rays, 88 j 

Anomalous dispersion of X-rays, j 

314 

Anomalous terms of Ca, 733 
Anomalous Zeeman effect, 399 
Arc lines of He I, 559 
Argon, isotopes of, 93 
At-om, as a magnet, 402 
average life of, 119 
directional (|iiantisation of, 408 
electronic composition of 531, 583 
(chart) 
factor, 258 

in a magnetic field, 403, 404 
life in the excited state, 621 
— Webbs and Messenger’s experi¬ 
ment, 623 

— Wien’s experiments, 622 
life in the metastable state, 626 j 

— Matuyama’s experiment, 626 
magnetic moment of an, 405 
of positive electricity, 78 
Rutherford's picture of, 158 
structure of, 152 
Vector model of, 416 
Atom core 

polarisation of, 546 
radius of, 689 
Atomic number, 98, 160 
Atomic structure factor, 258 j 

Atomic weights 

constancy of, 87 j 

law of integral multiples of, 40 87, j 
98 ' 


Auger effect, 485 
explanation of, 486 
experimental investigation of, 486 
Aurora 

Austrealis, 751 
Borealis, 751 
Auroral lines, green, 751 
Axial ratios, 233 
Azoic rocks, 169 


Balmer’s discovery, 320 
Balmer’s law, 320 
Balmer lines 

fine-structure of, 337, 420 423 

— explanation of, 840 

— relativity correction for, 345 

— intensity of components, 353 
Balrner-series, 321, 322, 323 
Barium, interval rule for, 662 
Becquerel-rays, 110 

Beryl, helium contents of, 173 
Berrylium, isotopes of, 97 
Exchange resonance, 464 
Beta-rays 

from RaO, e/mc of, 67, 69 
heat evolved by, 166 
nature of, 133, 114 
properties of, 163 
range of, 163 
scattering of, 163 
scintillations produced by, 114 
stoppage of, 164 
tracks of, from RaD, 163 
velocity of, 113, 114 
Bismuth, susceptibility of, variation 
with temperature, 777 
Bolir-Coster diagram, 449 
Bohr-diagram, for Nal, 367 
Bohr-Grotrian-diagram 
for Hel, 560, 561 
for All, 568 
for Na I, 378 
for Mgl, 388 

Bohr-magneton, 402, 403« 799 
Bohr’s orbits for hydrogen, 325 
Bohr's theory of hydrogen atom, 321 
insufficiency of, 331 
Sommerfeld'8 generalisation of, 341 
Brackett-series, 323, 326 
Bragg’s law, 231 
deviation from, 308 
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Bragg’s method for crystal structure 
determination, 421 
Bragg’s spectrograph, 243 
Bragg's theory of X-ray reflection, 2*29 
Braun tube, 51 
Bra vis lattice, 237 
Breadth of X-ray lines, 466 

Calcium 

anomalous terms of, 733, isotopes of, 
97 

Canal rays, 79 
Cathode, 4*2 * 

Cathode ray,^ 
discharge, nature of, 48 
e/mc of, J. J. Thomson’s method, 53 
— Biicherer’s method, 70 
— Kaufmann's method, 54 
furnaces, 60 

maximum velocity of, 55 
Ceylon thorianite, time of deposit of, 2 71 
Chadwick’s measurement of nuclear 
charge, 169 
Characteristic X-rays 
breadth of lines of, 466 
conditions of excitation of K-lines in, 
436 

excitation potentials of, 441 
explanation of, 446 
origin of lines in, 434, 446 
origin of L-lines in, 446 
theoretical explanation of, 461 
Chlorine, isotopes of, 93 
Chromosphere, 192 
Clevite, Norwegian, 87 
Closed shells, 628 
Cloud-chamber 
applications of, 31, 74 
method of Blackett, 31 
method of C. T. R. Wilson, 26 
method of Shimizu, 30 
Coefficient 
of diffusion, 23 
of interdiffusion, 26 
of mobility, 21 
Collision, elastic, 690 
inelastic, 593 
Complex spectra, 676 
Compton’s theory, experimental veri¬ 
fication of, 196 

Condensation, rain-like and cloud-like, 
28 


Conductivity, electrical, of gases, 
measurement of, by Bister and 
Geitel, 1 

— by C. T. R. Wilson, 2 
distriution of, in the discharge tube 

43, 47 

interpretation of, 3 
Constant 
auxiliary, 66 
decay, 118 

fine structure, Sommerfeld’s, 66 
fundamental, 66 
Planck’s, 66, 66 
Contact potential, 598 
Continuous X-rays, 287 
distribution of energy in the spectrum 
of, 291 

efficiency of production of, 293 
polarisation of, 303 

— estimation of, 305 
pulse theory of, 287 
Short wave limit of, 289 

— experimental measurements of, 
289 

Sommerfeld’s theory of, 297 
space-distribution of, 294 
Convergence frequency, 366 
Convergence limit, 321 
Copper, chemical and physical pro¬ 
perties of, 678 

Corpuscular theory, revival of, 183 
Cosmic rays, 99 
tracks of, 100 
Counters, 

action of point, various theories of, 
35 

arrangements of connections in, 33 
difficulties of working with, 34 
elctrical,' Rutherford and Geiger’s 

32 

point, Geiger’s, 33 
record of, 37 

the Geiger-Miiller tube, 36 
use of amplifiers in, 34 
U868 Of, 36 
Coupling, 

JJ— 638, nature of terms in, 685 
Russell-Saunders’ 682 
—departure from, 682 
Critical potential 
for soft. X-ray emission, 608 
of Fe, Co, Ni, Cu, by electron 
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bombardment method, 610 
of molecular hydrogen, 614 
—secondary effects in, 616, 618 
of He, Ne and Hg, 608 
of Hg, 600 

Critical potential of elements, 

Davis and Goucher’s experiment, 599 

Einsporn's method, 599 

Franck and Hertz’ experiment, 595 

Hertz’ method, 602 

Hertz’ method of residual current 

603 

Lenard's experiment., 594 
Critical potential of molecules, 610 
Bleakney’s apparatus, 616 
modern experimental arrangement 
for, 611 

Smyth’s apparatus, 612 
Crookes dark space, 42, 44, 48 
Crystal 

atomic structure factor of, 258 
classes, 234 

diffraction of X-rays in, 22 
dispersive power of, 265 
ionic, molecular and atomic, 2611 
reflection of X-rays in, 229 
resolving power of, 265 
structure factor of, 256 
symmetry in, 234 
Crystalline theory, Classical, 232 
Crystal structure, determination of 
Bragg’s method, 241 
complete determination of, 256 
Debye and Hull method, 250 
powder method, 250 
Schiebold-method, 256 
Curie, one, defined, 122 
Curie’s balance, 776 
Curie's law. 772 - 778 
Weiss’s extension of, 773 
Curie point, 778 
of soft iron, Ni and Co, 778 


Dark space 
Crookes, 42 
Faraday, 42 

Decay of radioactivity, 116 
curve for ThX, 117 
Debye factor, 258 
Debye-Hull method, 250 
Deuton, 336 


* Diamagnetic anisotropy, 787 

of graphite, 787 
, Diamagnetic susceptibility 

discussion of results oil, determination 

of, 790 

of irons, 790 (table) 
of salt-solution, 791 
Diamagnetism 
condition for, 790 
discovery of, 771 
Langevin’s theory of, 787 
1 of molecules, 808, 809 

— Van Vleek’s theory, 809 
Pascal’s law of, 791 
summary of experimental results on, 

786 

Diffuse triplet, 382 
Diplogen, 336 
Discharge tube 

I distribution of electric field and 

conductivity in the 43 , 46 , 47 
Hot anode, 88, 96 
phenomena in, 41 
secondary phenomena in, 47 
Disintegration of radio active bodies 
Dual (branch), 129, 131 
half value- period of. 119 
successive, extension to, 120 
theory of Rutherford and Soddy, 

118 

Dispersion of X-rays, 313 
anomalous, 314 

Dispersive power of crystal, 265 
Displacement law, Soddy and Fajans’ 
131 

Distribution of electrons round atom, 
259 

Double electron transition, 732 
Doublet laws 
application of, 670 
irregular, 636 
regular, 548 
Doublet separation 
for single electron, 708 
for Al-lik§ ions, 571 
for B-like ions, 670 
for halogens, 724 
for Li-like ions, 424 
for Na-like ions, 424 
Doubling of levels, 872 
separations due to, 872 
Duane and Hunt's experiment, 289 
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Duplicity phenomena, 878 
Dwi-manganese, 587 


"e,” early determinations of, 
Townsend’s, 73 
J. J. Thomson’s 74 
Wilson’s, by balanced drop method, 75 
independent methods of determina¬ 
tion, 65 

Millikan’s determination, 58 
on the absolute value or, 65 
Electricity, atom of positive, 78 
elementary quantum of, 56 
Earth 

age of, Kelvin's calculation, 169 
temperature of interior, 169 
Einsporn’s method, 599 
Einstein's A and B coefficients, 619 
Einstein’s transition probability, 381 
Eka-ceaBium, 587 
Eka-manganese, 587 
Electrolysis, Faraday’s law, interpreta¬ 
tion of, 41 
studies in, 40 
Electrometers 

adjustments and calibrations of, 59 
Compton s, 11 

Comparison of different typeB of 14 
Dolezalek, 10, 11 
Lindemann, H 

— arrangement for using, 12 

— principle of , 12 

— sensitivity of, 13 
other types of, 9 
string, 13 

U86 Of, 5 
Electron 

as an oscillator, 188 
as wave 78 

charge on the, Millikan’s determin¬ 
ation of, 58 

contractile, of Lorentz, 69, 70 
dimensions of, 75 
isolation of, 41 
magnectic moment of, 403 
mass of, 57 

maximum velocity of, 55 
motion of, under electric and 
magnetic fields, 52 
recoil, experimental evidence regard¬ 
ing, 200 


Electron— (contd,) 
rigid, of Abraham, 69, 70 
spinning, 78, 417, 774 

— in the magnetic field of the 
nucleus, 420 

Sub, Ehrenhaft’s hypothesis of 61 
swift, e/mc for 
Kaufmann’s experiment, 67 
Bucherer’s experiment, 70 
Electron-composition of elements, 529 
Bohr’s theory of, 531 
calculation of optical levels due to, 
692 

of alkali metals, 534 
He to Ne, 533 
of Mg, 549 
E lec tron - pressure 

from maximum intensity of sub¬ 
ordinate series lines and enhanced 
lines, 644, 645 
Electroscope 

alpha, beta and gamma-ray, 115 
Arrangement for use of, 8 
comparison of different types of, 14 
| emanation, 116 

| other types of, 9 

the tilted, 9 
Wulf’s, 10 

j Element, 93, 589 

Elements, maximum number of, 688 
of atomic number 43, 61, 75 
! — discovery of, 586 

i Eman, defined, 122 
i Emanation, radioactive, 121 
Emission 

mechanism of, 326 
stimulated, 621 
Emission o'f X-rays, 441 
Energy-formula, general, 707 
Energy-levels, 444 

Calculation of, from absorption and 
emission spectra, 448 

— from magnetic spectroscopy, 487, 
488 

determination of, from magnetic 
spectroscopy, 481 
of All, 568 

I of Hel, 560, 661 
of Hgl, 595 
of Mgl, 388 
of Nal, 378 

tables for, 460 (X-rays) 
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Epoch, 109 ' 

tertiary, secondary, palaozoic, proto- 
zoic, archaean, 172 

Equivalent electrons, 693 
in jj—coupling, 702 
highest terms of, 717 
p, d and f, 697 

Evolution of heat by radioactive 
substances, 167 
— theory of, 167 

Excitation potential of X-ray lines, 
441 

Exclusion principle, Pauli’s 
653, 672 


f-the hyperline structure quantum 
number, 766, 768 
Faraday effect, 391 
Filters 

absorption, for X-rays, 503 
selective, 504 

Fine-structure constant, Sommerfeld’s, 
347 

Fine structure 
of Balmer lines, 337 
ol He—lines, 348 
of hydrogen lines, 366 
Fluorescent X-rays, 208 , 212 , 485, 5 12 
efficiency of production, 516 
Forbidden lines, 371, 746 
in He I spectrum, 562 
Red, of oxygen, 751 
Forbidden transition, 748 
due to O in nebulae, 749 
in nebulae and Wolf Bayet stars, 
748 

in Fe specturm, 749 
in Pb and Bi spectra, 748 
list of lines due to, in astrophysical 
sources (table), 750 
Formation of elements 
after argon, 674 
after copper, 679 
after Hafnium, 687 
after Badium, 688 
of the fifth period, 680 
of transitional group, 677 
Franck and Hertz’ experiment, 595, 
596 

sources of error in, 697. 


g, the Lande factor, 405, 412 
for a pd-combination, 688 
for strong fields, 689 
for several electrons, 690 
for two electron systems, 687 
for singlet, doublet terms, 412 (tables) 
for triplet, quartet terms, 413 (tables) 
for a given multiplet, 691 (table) 
in BS-coupling and jj-ooupling, 686 
interpretation of, 424 
g(i) the nuclear Landd factor, 767 
G—permanence rule, 688, 691 
G—sum rule, 688 
illustration of, 690 
Gamma factors, 707 

for many electrons on BS-coupling, 

709 

for more than two electrons, 712 
for Btrong fields, 710 
Gamma permanence rule, 711 
applications of, 712 
Gamma sum rule, 711 
applications of, 712 
Gamma rays, 

heat envolved by, 166, 167 
nature of, 113, 111 
properties of, 163 
stoppage of, 146 
tracks of, 164, 201 
wave length of, 164 
Geiger and Nuttall’s law, 147 
Geiger and Nuttall’s method for de¬ 
termination of range, 144 
Gieger relation, 142, 159 
Geological epochs, 169 
Goniometer, 234 
Growth of radioactivity, 116 
curve for Th, 117 
Gyromagnetic anomaly, 816 
applications of quantum theory to, 
816 

Gyromagnetic effect, 773, 811 
experiments on, 312 
— Barnett’s experiment, 819 
— Beck’s method, 814 
— Einstein-de Haas method, 813 
— Bay Chaudhuri's experiment, 817 
' — Suckamith and Bates’ experiment, 
814 

Gyromagnetic ratio, 774, 812 
determination by magnetometer 
method, 820 
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Gyromagnetic ratio — {could.) i 

for Fe, Ni, Dy, 817 j 

for ions of the first transitional group j 
(table), 818 j 

h—Planck’s universal constant, 190 ! 

Hafnium, discovery of, 585 
name of, 586 
Half value period, 119 
llelios % 558 j 

Helium I 

contents of, in old minerals, 170 
ionisation potential of. 565 ; 

ionised, lines of, 333 

— fine structure of, 348 ! 

—„ — intensity of components of, j 
36*5 j 

Stark-effect of, 67*2 

mass analysis of, 94 ! 

Helium spectrum 

arc lines in, 559 (table) ! 

forbidden lines in, 562 
general description, 557 
intensity anomaly of, 564 
inter-combination lines in, 559 \ 

interval rule in, 564 
resonance lines in, 558 
theoretical explanation of, 562 
Heusler alloys, 772 
Hertzian oscillator, 391 
Highest term 

for equivalent d and f elections, 704 
for many electrons, 705 
Hydrogen 

atom, radius of, 326 
atom, higher states of, 892 
heavy isotopes of, 94 

— spectrum of, 336 
negative ion of 86 

second order spectra of, 94 
Hydrogen spectra j 

Bohr’s theory of, 319, 821 j 

SommerfeH’s generalisations of, 341 i 

continuous, 330 

fine structure in (see under Balmer 
lines). 

series of, 322 (table). 

Hydrogenic orbit, 540 
Hyperfine structure 
due to isotopic effect, 764 
* — of T1 A 5351 line, 764 j 

experimental methods of, 753 


Hyperfine structure— (contd.) 
explanation of results, 756 
interval rules in, 755 
of Bi lines, 745, 763 
of Bi 2 4722, 752 
of Bi 2898 line, 755 
of elements possessing more than 
one istope (Tl), 763 
of spectral lines, 762 
physical nature and importance of, 
753. 

quantum number, 756, 758 
selection rules and intensity rules in 
multiplets of 759 

splitting of Bi levels, 756 (table) 
terms, direct and inverted in, 759 
Zeeman effect of lines possessing 
(Bismuth). 759 
— A 4722 of Bi, 761 

— — comparison with experiment, 

762 

Hyperfine-structure-separation, 758 
comparison with doublet separation, 
768 

for positive and negative intervals 
for, 759 

of S-terms, 768 

— of Na, 768 

theoretical calculation of, 765 
Hypothesis 

nebular, of Kant and Laplace, 168 
of spontaneous disintegration, 118 
of sub-electrons, Ehrenhaft’s, 61 
Proofs, 87 

i—the nuclear quantum number, 756 
Inner conversion of X-rays, 485 
Inert gases, '565 
spectra of 724 

Timer quantum number, 405, 412, 

680 

mechanical interpretation of, 430 
significance of, 680 
Inner transition, 571, 735 
for A1 736 

Insulating power of gases, 1, 3 
comparison of bad conductors and 
good conductors, 4 

Inter action energy between a single 
electron and a nucleus (regarded 
as a magnet) 766 
Interaction of . the magnetic nucleus 
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with the extranuclear electrons 758 
Intercombination lines, 887 
Interference of X-rays, 317 
effect of scattering on, 300 
Interval ratio, for triplet P, D, F, 
G. H terms, 710 
Interval rule, 684, 710 
proof of, 714 

Inverse square law, validity of, 162 
ltutherford and Chadwick’s experi¬ 
ments on, 126 
Inverted terms, 696 
occurrence of, 714 
Ionisation 
by collision, 16 
chamber 4, 5 
current, 1 

— saturation, 15 
hypothesis, ,J. ,J. Thomson's, 3 
mechanism of, 25 

nature of, 14 
of H 6 IK 

— probability of different inodes of, 
619 

process of, 4 
ultra, 739 

variation of, with voltage, 14 
various agents of, 3 
Ionisation potential 
calculation of 739 

Davis and Goucher’s experiment on, 
599 

of alkali elements 376 
of elements and ions of the transi¬ 
tional group T, 743 (table), 
of elements and ions of the transi¬ 
tional groups, 742 
of helium 565 

of three valence elements 569 
of two valence elements 387 
principal, 744 

— of elements and ions of the 
first transitional group, 743, 744 

Ionium, discovery of, 111 

Tonometer. 8 

Ions 

charge on the, 24 
defined, 3 
diffusion of, 22 
coefficients of, 23 
mass of, 25 

mobility of 17 (see under mobility). 


Ions—( contd .) 

photographing the 26 (see under 
cloud-chamber), 
physical nature of, 17. 
positive, 79 
— production of 88 
Iron, soft, variation of magnetisation 
with temperature, 778 
soft, variation of magnetic 
susceptibility with temperature, 778 
Irregular doublet law, 446, 449 

636, 570 

illustration of 537 
lsochromats, 291 
Isotherms 291 
Isotopes 

laws of, discussion on 98 
problems of 87 
radioactive 104, 106, 108 
table of 102, 108 

J —the inner quantum number, 384 , 405 
412, 680 (see under inner quantum 
number). 

selection principles for, 384 
jj-coupling, 683 
equivalent electrons in, 705 
for 1’b and Sri, 6687 
nature of terms in, 685 
terms in 688 
Zeeman effect for,685 


k, the azimuthal quantum number 
343 

K—series, 432 
absorption edges in 440 
calculation of absorption frequency 
for 466 

condition of excitation, 436 
dependence of structnnre of, on 
electrical conductivity 47^ 
excitation potential of 441 
in soft X-ray region 473 
origin of 434, 462 
Kainozoic rocks. 169 
Kenotrons 285 

Kepler orbits, orientation of, 358 
Krypton, 

ionisation potential of 604 
isotopes of 95 

Kulenkampff’s experiment, 295 
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I—quantum number, 343 
transition rules for, 722 
L —spectrum, 436 
absorption edges in 443 
absorption in very soft X-ray region 
477 

causes of multiplicities in 437 

dependence of, on electrical conduc¬ 
tivity, 476 

in soft X-ray region 475 

probability of inter-level transition in 

480 

term values in 470 
Landd-factor g 405, 412 (see under g). 
from gyromagnetic effect 816 
for Pe and Ni 816 
of ions of the first transitional and 
rare earth groups 818 
L&ngevin-function 793 
Langevin's theorem 789 
Langevin's theory 792 
Weiss’s extension of, 795 
Lanthanum 112 
structure of 584 
Larmor*s theorem 391, 319 
Laue--diagram 
interpretation of, 254 
symmetry in, 254 
Laue’s discovery, 222 
experimental verification of, 226 
— result of 227 

Laue’s theory of X-ray diffraction, 

224 

Lead 

atomic weights of, 87 
isotopes of, 108, 131 
tborio-and uranio, 87 
Lenard's experiment, 590 
Life of metastable states, 622 
Matuyama’s experiment on 626 
(neon). 

Life of atom in the excited state, 621 
Webb and Messenger’s experiment 
(Hg 2536, 1849) 623 
Wien’s experiment 622 
Light, connection with magnetism, 
391 

corpuscular theory of 174 
electromagnetic theory of 180 
heterogeneity of 177 
physical properties of, 174 
pressure of, 191 


Light—( contd .) 

— from quantum theory 192 
wave-theory of 176 
Lutecium, structure of, 585 
Lyman series, 326 

m, the magnetic quantum number, 
405 

for strong fields 573 
for pd-combination, 689 
selection principles for 406 
M-series, 438 
absorption edges in, 444 
in soft region, 477 
interlevel transitions in 478 
MM-transitions, 478 
Magma, fluid, 168 
Magnesium, 

controlled excitation of spectrum, 606 
609 (table), 
isotopes of, 97 
the triplet spectrum of 381 
Magnetic field 
in Zeeman effect, 396 
non-homogeneous, 409 
Magnetic moment, of 0, and NO, 784 
Magnetic properties, discovery of 
universality of, dia, para and ferro, 
771 

Magnetic shell, equivalence to a current, 
770 

Magnetic spectrum of photoelectrons 
emitted by X-ray, 481 
calculation of levels from, 487 
Magnetic susceptibilities 
dependence of, on physical state, 
787 

of Bi, 777 
of gases, 782 
of inert gases, 785 
of O* and NO, 784 
of soft iron, 778 
of water, 786 

Magnetic susceptibility, determination 
of 

Bhatnagar’s method, 779 

Bauer and Piccard's method, 783 

Curie’s method 775 

Faraday’s method 774 

— modification of, 779 

Fodx-method 779 

for liquids, 786 
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Magnetic susceptibility— (contd.) j 

Gouy’s method, 780 
interpretation of results on 786 
Quincke's method, 782 j 

— modification of 783 | 

Sony’s method, 781 j 

— results of, 782 

Wills and Hector’s method 785 
for crystals, dynamical method, 786 
Magnetisation, of soft iron, 778 
Magnetism, 

connection with electricity, 770 
dia, para and 1‘erro, distribution of, 

772 

experimental studies in, 774 
natural, explanation of, 770 
Weber’s theory of, 771 j 

Magneton, 

Bohr-402, 403, 709 
Weiss, 773, 798 i 

Manganese, lines of, Catalan’s classi¬ 
fication of, 677 

Many-electron-problems, 709 
Mass-number, 98, 99 
Mass-spectra, 
discussions of, 98 
explanation of, 93 
Mass-spectrograph, 

Aston’s 89 
Dempster’s 95 

resolving power and accuracy of, 92 
Masurium, discovery of, 687 
Matrix mechanics, 420 
Matter, earlier theories of, 39 
fourth state of, 49 
Maxwell’s field equations, 181 
Median plane, 231 

Mercury ions, multiply charged, 86 j 

Mesozoic rocks, 169 

Metastable states, 726, (sec under life). j 
Metastable levels 746, 748 j 

Method of comparison of isotope masses, 1 

91 

Method of horizontal comparison 744 S 
illustration of, 746 
Millerian indices, 233 
Minerals, age of, 
from He-contents, 170 
from Pb-contents, 171 
from radioactive data, 168 
Mobility of ions, 
coefficients of 21 

F, 107 


Mobility— (contd.) 
determination of, experimental 
—, Langevin’s method, 19 
—, Rutherford’s method, 18 
of positive and negative ions, 22 
relation with coefficient of diffusion, 
23 

variation of, with pressure 222 
Moseley curve, 432 
for K, Ca II, etc. 576 
in very soft X-rays 476 
Moseley’s discovery, 431 
Moseley’s work on K-series, 432 
Multiplets pp., of Mg-like elements, 
734 

Multiplet separation, calculation of 716 
for Ti, (P-cofiguration, 716 

N -series, 438 
in ultra soft regions, 479 
NN-transitions, 479 
Natural magnetism, explanation of, 
770 

Nebulium, 749 
Needle valve, 280 
Negative absorption, 621 
Neon, 

ionisation potential of, 604 
isotopes of, 86, 88 
life of metastable states of 626 
Neutron, 79, 101 
Non-hydrogenic orbits, 640 
Non-penetrating orbits, 538, 546 
Nuclear charge, 
measurement of, 169 
equal to atomic number, 160, 162 
Nuclear Land^-factor, g( i) 757 
Nuclear moment, 756 
of proton, 757 
resultant, 767 

Nuclear quantum number t, 756 
Nuclear theory of atom, 163 
experimental verification of, 155, 

157 

—, mathematical working of 156 
Nucleus, 

interaction energy between a single 
electron and, 766 
magnetic, interaction of, with extra- 
nuclear electrons, 758 
motion of, 334, see also appendix, 
radius of, 165 
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O-series, 481 

Optical levels, calculation for any 
electron composition, 699 
Orbit, 

electrical centre of 666 
Keplerian, orientation of, 358 
non-penetrating 538, 546 
penetrating, 538, 548 
precession of 398, 819 
Orthoterms, 555 
Oxygen, isotopes of, 86 

pp-multiplet, 734 

—, of Mg I, A1 II, Si III, P IV, 
S V, Cl VI, 735 
Par-terms, 655 
Parabola, 
positive rays 85 
method, application of, 86 
— extension of, 88 
Paramagnetic moment, 

P. M. Bose’s theory, 805 
Hund’s theory, 800 
of Fe Cl, 802 

of ions of the first transitional group 
(table) 802 

of NO, calculation of, 810 
of NO* CIO, calculation of, 811 
of rare-earth ions 804 (table), 
of 8m +*(+ and Eu+++, 807 
Sommerfeld and Laporte’s theory, 
805 

Stoner’s theory, 807 
Van Vleck’s theory, 806 
Paramagnetism, 

application of quantum theory on, 

798 

Cryomagnetic anomaly in, 796 
discussion of results on, 801 
independent of temperature 808 
Langevin’s theory of, 792 
—Weiss’s extension of 795 
of diatomic molecules, Van Vleck’s 
theory of, 810 
of molecules, 808 

of polyatomic molecules, Van Vleck’s 
theory, 811 

of rare earth compounds 803 
probability of spontaneous 
magnetisation in, 797 
Particle, 

path of, under a central force, {48 


Particle—( contd .) 

— application of 152 
Parametric face, 233 

Pascal’s law, for diamagnetism of 
molecules, 791, 809 
Paschen’B law, 17 

Paschen-Back effect, 396, 401, 426 
explanation of, 427 
Pauli’s principle, 462, 653, 572 
Penetrating orbit, 638, 543 
Periodic classification, 525, 520 
Bohr’s theory, 631 
Mendeleef's, 523 
Thomson’s, 527 
Periodicity of spectra, 630 
Phosphorescence, 109 
j Phosphorescent light, 61 

| Phosphorescent substances, 109 

j Photoelectric effect, 186 
i in X-rays, 440 
| Photo electrons, 57 

calculation of energy of, 483 

conditions of emissions of 484 

magnetic spectrum of, 481 
space distribution of, 490 

— forward component of, 494 

— lateral, 492 

— longitudinal, 491 

— of K, L, M, 496 

— theoretical explanation of, 492 
Photon, 194 

Photosphere, 192 
Pitch blende, 110 
Planck’s constant, 190 
Point-group, 235 
Polarisation, 
estimation of, 309 

— with different values of A, 805 
of atomic core, 546 

of continuous X-rays, 303 
of scattered X-ray, 221 
Polonium, activity of, 
discovery of, radiations emitted by 112 
Positive ray, 
analysis of 85, 95, 97 
experimental study of, 80 
method, applications of, 87 

— extension of, 88 
multiply charged, 86 
parabola, J.J. Thomson’s, 85 

Positron, discovery of, 99 
confirmation of, 100 



subject 

Positron—( contd.) 
production, 101 
tracks of, 86 
Potassium, 
isotopes of 95, 97 

— radioactive, 104 
Potential, 

cathode fall of, 448 
sparking, 18 

variation of sparking, with pressure, 

17 

Powder method of crystal structure 
determination, 250 
calculation of spacings from, 252 
Precession, 

of orbit in a magnetic field, 398, 819 
Thomas, 421, 422 
Predissociation, 739 
Preston’s rule, 401 
Protactinium, 112 
production of, 130 
structure of, 588 
Proton, 78, 757 
Protozoic rocks, 169 
Protyle, 49 
Prout’s hypothesis, 87 
Pulse theory, 287 

Quantum, 183 
Quantum conditions, 341 
Quantum defect, 546, 548 
for alkali elements, 542 
for d-terms of Na 548 
Quantum number, 
azimuthal, 343 
effective, 379 

hypcrfine structure, 756, 758 
inner, 384, 405, 412, 680 

— for terms of alkali elements, 385 

— sigificance of, 680 
magnetic, 405 
nuclear, 756 

spin, 416 
total, 343 

Quantum theory of light, evidence in 
favour of, 190 

Quantum theory of Zeeman effect, 399 

Radiation from radioactive bodies. 
Physical nature of, 112 
Properties of 110, 116 
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three types of, alpha, beta, gamma, 
112 

— difference in properties of, 113 

— heating effect of, 114 

— ionisation, penetrability 
photographic and physiological 
actions of, 114 

— ionisation produced by, 110 

— isolation of, 113 

— magnetic deflections of 113 

— scintillations produced by, 114 
Radiation Pressure, Selective, 192 
Radio-active constants, 

charts for 123, 124, 128 
Tables for 125, 127 
Radio-active data, age of minerals from 
168 

Radio-active emanation, 121 
Radio-active isotopes, 131, 132 
Radio-active recoil, 122 
Radio-active substances, 
activity, measurement of, 115 
evolution of heat by 164 

— experimental verification of, 165 

— rate of, 166 

proportions in the earth’s interior of, 
170 

Radio-activity, 

discovery and nature of, 109 
growth and decay of 116 
induced 121, 589 

of potassium and rubidium, 110, 104, 
106 

of Tl, Pb, Bi, 108 
recovery of, 120 

simple measuring instruments in, 

114 

Radio-lead, 112, 130 
Radium, 
activity of, 111 

atomic weight and atomic number of, 
111 

branch products of, 130 
-range of alpha-particles from, 144 
discovery of, 110 
disintegration product of, 121 
elements after (Ac, Th, U) 588 
isolation of, 111 

number of Ra-em atoms emitted by, 
121 

products of disintegration of, 199 
1 series, 122, 129 
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Radium— (contd.) 

— charts showing the, 123 

— constants, 125 
structure of, 688 

Radium emanation, 121 
atomic number of, 121 
atomic weight of, 121 
number emitted per second, 121 
one curie of, 122 
properties of, 121 
Raman effect, 203 
Range of alpha-particles 
determination of, Geiger and Nut tail’s 
method, 144 

early experiments on, 140 
extrapolated, 141 

Geiger ’b method of determination of, 
145 

maximum, 141 

— direct determination of, 143 

-other methods of, 144 

relation with velocity, 142 
Relation with life, 147 
Tables for, 146 

Rare earths, 581 
trebly ionised, composition of, 585 
Rectification of high tension current 
by Kenotrons 285 
By mechanical means, 285 
Full wave, 286 
Reflexion of X-rays, 229 
Refraction of X-rays, 307 
Regular doublet law, 446, 460, 468, 
548, 550, 670 
modified, 548 

Relative abundance of isotopes 98, 102. 
108 

Relativity doublets, 461 
Resonance lines, 
of alkali metals, 376 
of aluminium, 567 
of B, Al, Ga, In, Tl, 569 
of Helium, 558 

of stripped atoms, identification of, 

538 

of two valency elements, 387 
Resonance potential of alkali metals, 

876 

of three valency elements, 887 
of two valency elements, 569 
Reversing layer, 198 
Rhenium, discovery of, 587 


I Rontgen rays, 204 
| story of discovery of, 204 

j Rocks, 

Archaean, 173 
j division of, 169 

mean conductivity of, 169 
Rotating electron, 417 
in the field of nucleus, 420 
Runge denominator, 402 
! Runge's rule, 401 
! Russell-Sauuders coupling 557, 682, 

| 692 

j Russell-Sauuders noation, 536, 550 
] Rydberg constant, 825 
j variation in the value of, 334 

i Rydberg correction for alkali elements, 

| 547 

! Rydberg-Schuster law, 362 

failure of, 382 
I Rydberg sequence, 

! in inner electron excitation spectra, 

738 

in Ne-spectrum, 725 

Scattering, Compton, 193 

change of wavelength at different 

angles, 158 

experimental evidence regarding re¬ 
coil electrons, 200 
Geiger and Bothe’s experiment, 202 
Modified and unmodified lines, 199 
Scattering of alpha particles, 152 
Ideal picture of, 155 
large angle, 158 
— mathematical theory of, 151 
laws of, 157 
small angrle, 153 
variation with angle, 158 
variation with thickness, 158 
Scattering of beta-rays, 163 
j Scattering of X-rays, 213 
j Compton’s theory of, 301 

| Debye’s theory of 801 

Distribution of intensity of, 299 
effect of interference in 301 
Screening constant, 423, 435, 535 
calculation of, 715 
for K-levels 466 
for L-levels, 470 

variatioti of, with atomic number, 

464 

Secondary electrons, 481 
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Selection Principles, 844, 371 
for inner quantum number, 384 
Selection rules, 722 
in X-ray spectra, 446 
Separation factor A, 717 
for equivalent electron 718 
for non-equivalent electrons 718 
observed and calculated values of, 
720 (table) 

Series, 

Balmer, 322, 323 
Brackett, 323, 326 
Convergence of (for Ne) 726 
Diffuse 362, 865 
Lyman 322 , 326 
Paschen, 326 
Pfund, 823 
Pickering, 833, 336 
Principal 364, 366 
— Importance of, 368 
Ritz, Paschen, 323 
Sharp, 361, 365 
Shells of electrons, 628 
Singlet spectrum, 386 
Slater's diagrammatic method, 628 
for ss-electrons, 629 
for sp-electrons, 700 
for equivalent p-electrons, 701 
Solar chromosphere, appearance of He 
lines in, 652 

Sommerfeld and Kossel’s displacement 
law, 375 

Sommerfeld’s fine structure constant, 
347 

Space charge-effect, 602 
Space groups, 240 
Spectra, 

absorption, due to excitation of inner 
electrons, 736 
— of Hg I, 737 
Complex, definition of, 676 
— History and method of classifica¬ 
tion of lines, 676 
Controlled excitation of, 605 
due to removal of electrons from 
inner shells, 736 
Enhanced, 374 
— Systematisation of, 374 
Fraunhofer, of the sun 193, 646 
Multiplet, definition of, 679 
of alkali elements, 534 
of alkali metals, 861 


Spectra— -{contd.) 

— family of terms in, 364 

of atoms and ions with d-shell 726 
of atoms and ions with p-shell, 721 
of aurora, 751 
of bismuth, 754 
of cerium, 731 
of chromium, 740 

of elements belonging to individual 
periods, 721 

of elements, general explanation of, 
332 

of elements of group 2, 380 

— general features of, 381 

ui elements of the first transitional 
group, 728 (Pe 1, Fe II, III, IV) 
of faculae, 751 
of Helium, 557 
of inert gases, 724 
of La I, 730 
of La II, 731 
of Li II and Be III, 566 
of Magnesium II in Vacuum arc, 652 
of Manganese, Catalan’s classification 
of 677 

of night sky, 725 
of O III (lines and terms), 723 
of rare earths, 729 
of solar chromosphere, influence of 
| pressure on, 651 

of stars, explanation by ionisation 
j formula, 638 

— general features of variations, 639 
; of three-valence elements 566 

of Ti I, 728 
of Ti II, 717, 727 

of Ti II and Ca I, due to double 
electron transitions, 732 
j of Ti m, 727 

l of Ti TV, 726 

| of transitional elements of groups II 

and III, 729 

of two-valence elements, 549» 554 
| recombination, 331 

second stage, 656 
j Spectral lines. Breadth of, 338 
Half-width of, 339 
• Spectrograph, X-ray, 

Bragg, 243 
Double crystal, 271 
Seeman, 267 
Siegbahn, 264 
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Spectroscopes, interference, 895 
Spectroscopy of X-rays, 
absolute method of, 278 
Bragg's focussing method, 263 
Concave grating, 277 
Curved Crystal, 273 
Double-Crystal, 271 
in hard region, 268 
in soft-region, 269 
Moseley's fixed crystal method, 262 
Plane grating, 276 
Seem an, Schneiden and Loch- 
camera, 267 

Siegbahn’s precision, 264 
Spin doublet, 461 
Spinning electron, 774 
Spinthariscope, 114, 144 
Spitzentladung , 33 
Stark effect, 

Bohr's treatment of, 666 
Components of H a , microphotograms 
of 664 

experimental arrangement, 657 
for non-hydrogenic atoms, 671 
Physical explanation of results, 672 
further works on, 670 
intensity distribution of components 
of Balmer lines in, 665 
of hydrogen lines for weak fields, 
670 

quantum numbers, 664 

results on, 637 

second order, 671 

selection rules for, 663 

separation compared to fine structure, 

666 

Theories of, 658 
— Epstein'8, 659 
Transition diagram for H a » 663 
Stars, 

temperature of, 644 
types of, 638, 639 
Stellar atmosphere, pressure of, 644 
Stellar spectra, 

general features of variation, 639 
of astro-physical importance, 640 
(table) 

variation of intensity, Lockyer’s 
diagram, 642 

variation of intensity with temper¬ 
ature of subordinate series and 
enhanced lines, 645 


Stern and Gerlach's experiment, 408 
Stokes' Law, 59, 62, 73 
Stokes’ theory of X-ray production, 
278 

Straggling of a -rays, 141 
Stripped atoms, 538 
Structure 

of crystals (see under crystal 
structure). 

of hair wool and celluloid, 251 
of liquids, 261 
Structure diagram, 
of aluminium, 566 
of magnesium, 549 
of sodium, 535 
Structure factor, 
atomic, 256 
electronic, 258 
Structure of the atom, 142 
Planetary, theory of, 153 
Butherford’s picture, 153 
Thomson’s picture, 152 
Sublevels, electrons to, 532 
Sun, 

Elements in 647 (table) 
Fraunhofer’s spectrum of 646 
percentage ionisation of elements of 
groups 1 and II in 648 (table) 

Sun spots, percentage of ionisation 
of elements in 648. 

Symmetry in crystals, 234 
in Laue diagrams, 253 


Temperature, of recalescence, 771 
Term formula, quantitative, 706 
Term intervals, in spectra of two valence 
elements, 553, 554 
Terms, 

anomalous, of Ca, 738 
arising from equivalent p-electron 
configuration, 722 

families of, in the alkali spectrum, 
364 , 367 , 371 

— absolute value, calculation of, 366 

— representation of, 366 

— Sommer feld's representation of, 
371 

Normal and excited for Ti I, Ti II, 
Ti III, Ti IV, 726 
Primed and ufipritnad, 728 
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Term Values, 446 
absolute calculation of, 740 
alternative way of designating, 741 
calculation of, 448, 538, 739 
definition of 739 
for barium, 581 

for hydrogenie and non-hydrogenic 
orbits of alkali elements, 541, 546 
for highest and lowest multiplicities 
with largest 1-values, 702 
for Na-spectrum, 640 
for penetrating orbits, 643 
highest, for equivalent f and d- 
eleetrons, 704 

— for many electrons, 706 

8, P, D, for two equivalent p-electrons 

706 

Tables of, 450 (X-ray) 

Term values of, 

A1 I, 567 (with table) 

Ba 581 
Ba II 851 
Ca II 575 
Cs I, 581 
H, 322, 323 
He I, 559 
K, 575 
L-levels, 470 
Mg I, 550 (table) 

Mg II, 376 
0 III 694 
8c III 575 
Ti IV 575 
Theorem of, 

Ampere, 403 
Larrnor, 397 

Thermal excitation of gases, 628 
Thermal Ionisation, 
as a case of reversible reaction, 
calculation of percentage of 633 
in a mixture of gases, 655 
influence of pressure on, 651 
multiple, 637 
Saha’s theory of, 630 
-- applications of, towards a physical 
explanation of the spectra of stars, 

368 

— Darwin and Fowler’s modification 
of 635 

— experimental verification of, 653 

— further modifications of 638 

— Bussell’s modification, 632 


Thermal Ionisation—( contd .) 

some apparent difficulties in 640 
Thermions, 57 

— velocity distribution of, 696 
Thomas precession, 422 
Thompson factor, 226 
Thomson’s theory 

of absorption of X-ray, 513 
of scattering of X-ray, 214 
Thorianite, Ceylon, 87 
Thorio-lead, 131 
Thorium, 
activity of, 117 
branch products, 131 
helium yield of, 171 
lead, 87 
series, 130 

— chart showing the, 124 

— constants of, 127 
structure of, 588 

Thorium X, activity of, 117 
ThC, range of a -particles from, 143 
long range groups of a -particles 
from, 143 

Threshold frequency, 189 

Total reflexion of X-rays, 312 
Tracks of alpha-particles 81, 141 - 
of beta-rays from Ra.D, 163 
of X-rays, 201 

of gamma-rays from Ra.C, 164 
Transitional groups, formation of 
first, 577 
of second, 580 
Transitions, 
forbidden 372, 748 
rules of, 722 
Triangle of vectors, 415 
Triplet separation, 
for Be-like ions, 657 
for C, 706 
for Ge, 706 
for Mg like ions, 557 
for Tb, 706 
for 8c to Fe, 710 
for Si, 706 
for Sn, 706 

Two electrons problem, 601 
energy relation for, 682 

Ultra ionisation, 789 
for mercury, 709 
Uncertainty Principle, 419 
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Unit cell, 287 
dimension of, 249 
Uranio-lead, 87, 180 
Uranium, 

Activity of, 117 
Compound, 109 
Helium yield of, 171 
Isotopes of, 180, 131 j 

Bate of evolution of heat by, 170 j 

Structure of, 588 I 

Uranium I and II, range of a -particles . 

from, 147 j 

Uranium-radium seiies, 122, 120 
chart showing the 128 
constants of, 125 
Uranium X 

Discovery of, 117 i 

Vacuum in positive ray apparatus, 82 I 
Vacuum spark, 395 

Valency, 629 1 

Valve-rectifiers, 286 j 

Vector model of an atom, 416 
of two electrons system, 555 
Vector sum, I 

of 1 vectors, 682 i 

of l-s vectors, 681 1 

of s vectors, 683 

Weight factor, 681 

Weiss* hypothesis of internal field, 796 I 

Weiss’ law, 796 

Weiss’ Magneton, 773, 798 1 

Willemite, screen, 61 

X-Bays, 

absorption of, 209, 497 

absorption spectrum of, 488 i 

anomalous dispersion of, 814 

characteristic, 207 I 

continuous, 287 ! 

diffraction of, 212, 215 

discovery of, 109, 214 

dispersion of, 818 

fluorescent 208, 218, 485, 515 

History, 205 

inner conversion of, 485 

interaction with matter, 206 

interference of, 817 

methods of spectroscopy of, 262 

monoohvotnators for, 515 

ORttfe <*, 998 


X-rays—(conti.) 
photo-electric effect by, 440 
production of, by high tension, 284, 
285 

reflection of, 229 
refraction of, 306 

scattering of, 213 (see under scatter¬ 
ing of X-iays) 
soft, 473 

term-values in, 450 (table) 
total reflection, 313 
X-rays, spectrograph, (see under 
spectrograph). 

X rav tubes, electron type, 250 

for chemical analysis, 283 
gas filled (ion type), 205, 278 


Ytterbium, electron composition of, 685 


Zeeman components, calculation of, 

406 

Zeeman effect, 391 
anomalous, 396, 399 
classical theory of, 391, 392 
experimental verification of, 395 
for jj-coupling, 685 

— expression for, 686 
in high fields 426, 429 
intensity of lines in 408 
Larmor’s treatment; of, 397 
normal, 393, 394, 396 

of Bi line 4772, 760 

of doublet spectrum 396, 400, 406 

of lines possessing hyper-fine 

'Structure 759 
— Bi line 4772, 761 

— comparison with experiments, 762 
of triplet spectrum, 896, 401, 407 
photographs of, 396 

polarisation of lines in normal, 394 
Preston’s rule, 401 
Quantum theory of, 399 
— Sommerfeld’s generalisation of, 
402 

Separation in 406 ' 
transverse view of, 893 v 
Zeeman pattern, 

Begularities in, 401 
Zeeman, separations for neon, 686 
Zipc, isotopes of, 97 



ERRATA 


p. 28, last line, read B for A. 

p. 86, line 7, read ‘largest ’ for ‘ smallest,’ 

p. 91, para 1 , read: - v - 

It is now easy to see that if we draw a line ZB, so tha^it makes am 
angle $ with 8j 8* Z, then ZB is the locus of the point (r, $\ i&, all^ 
particles having the same value of e/m, whatever the value of v may Jj^ 
are focussed on some point in ZB. To prove this we draw a line OX 
parallel to ZB through O. Let OF cut ZB at F. Then file have 
*FOX-<f>-20, and OF (*-20)-ON-26*. 


p. 324, equ. (5), read h* for h * in the denominator. 

p. 335, equ. (16), second line from the bottom, read e* in the numerator 
for e*. 

p. 856, line 12, read m t / «/l —pi for m e /l p*. v 

p. 3$, equ. (40) read n' + Vfc* — a*Z* for n' — -Jk* —a*Z*. 

p. 376, line 6, read 4 P of four and 8 of five ’ for ‘ P of five and 8 of six, 


A A 

p. 422, line 14, read —cos si for cob si 

* A 

„ equ. (45), read —si. cos si for si. cos si. 
p. 583, table 20, read 28 Ni ... 3d* 4s* for 28 Ni... 3d* 4s. . 

« 3d* 4s 3d* 4s*. 

„ last column, read 90Th for 99Th. 
p. 677, last line, add 1 and shown in Fig. 2a, Plate XII.* 
p. 803, below Fig. 16, read * --—Bose’ for ‘....Bose.* 

p. 809, equ. (44), read for n'—n. 





